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Abstract 
Quantifying the extent and rate of sulphur oxidation in systems catalysed by 
chemolithotrophic bacteria is inherently difficult due to the presence of solid phase 
sulphur.  The absence of reliable measurements on the extent and rate of sulphur 
oxidation hinders investigations into the effects that water quality has on the 
catalysis caused by these organisms.  This absence severely hampers attempts to 
optimise sulphur oxidation in base metal extraction systems and minimise 
environmental problems associated with acid mine drainage.  This study examined 
the catalysed oxidation of elemental sulphur and soluble reduced sulphur species in 
an attempt to circumvent the difficulties arising from a solid phase substrate and to 
provide an understanding of how solution parameters, such as pH and ionic strength, 
affect the catalytic processes. 
Complete oxidation of elemental sulphur and sulphur species result in the 
formation of sulphuric acid and cause the acidification of the medium.  This 
phenomenon was first examined to determine the conditions under which a proton 
balance could be used to quantify the conversion of insoluble elemental sulphur to 
sulphuric acid.  Results from these experiments showed that a proton balance can 
provide estimates of the rate and extent of elemental and solid phase sulphur 
oxidation but the limiting factor is the performance of the glass electrodes now 
universally used to determine the activity of the proton in solution.  The impact of 
environmental variables on chemolithotrophic cells growing on sulphur substrates 
was also examined in this project.  The influence of pH, ionic strength and CO2 
partial pressures on bacterial yields and sulphur oxidation rates were examined using 
a number of culturing techniques, including open and closed batch cultures and a 
reactor system operated at fixed pH values.   
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Chapter 1  Introduction and literature review 
 
1.1  Mining processes 
Continual growth in the trade of base and precious metals has led to a diminishing 
availability of high grade ores and an increase in the extraction of refractory ores to 
supplement demand 1, 2.  The rate and the extent of metal recovery from refractory 
ores is reduced by the presence of sulphide and carbonaceous minerals, which 
entrain small particulates of the metal value.   
 
Smelting is a common industrial process used for the oxidation of refractory 
sulphidic ores.  In this process 3, the ore is heated to ca 500oC and the sulphur 
species are either partially or completely oxidised to form SO2 and SO4-2.  The 
formation of gaseous SO2 is both an economic and environmental problem, requiring 
capture and oxidation to sulphuric acid 3.  Smelting is therefore not an economically 
viable option to treat low-grade refractory sulphidic ores.  An alternative extraction 
process has been developed, referred to as bioleaching.  Bioleaching processes use 
chemolithotrophic bacteria to catalyse the oxidation of sulphur and iron species 
contained within and external to the mineral matrix.  The oxidation of these species 
leads to increased mineral dissolution rates.   
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There are three distinct bioleaching techniques, which are implemented 
depending on the complexity and value of ore undergoing extraction 1, 3, 4.  These 
processes are bio-heap leaching, in-situ bioleaching and stirred-tank bio-reactors 5.  
Heap leaching is the most common system used as it is capable of processing low-
grade ores and requires low overhead costs.  Heap leaching is also advantageous 
because ores do not require milling, leach liquors can be recycled multiple times 
through the heap before extraction and the process is considered to be less 
environmentally damaging.   
 
In-situ bioleaching originated from the extraction of uranium ores however is also 
used for other ore deposits 5.  This process involves irrigating stope walls or 
fractured underground ore deposits.  An advantage of in-situ bioleaching is it does 
not require the shifting or milling of ore, making it more economically viable to treat 
low-grade, refractory ores 5.   
 
Stirred-tank bio-reactors require higher overhead costs and are used to extract 
metal values from high grade sulphide bearing ores 5-7.  Bio-reactors are highly 
aerated, continuous-flow reactors, which contain finely ground mineral concentrate 
and inorganic nutrients.  A significant advantage of bio-reactor systems is 
temperature and pH can be closely controlled whilst the ore is being leached 5.   
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Bioleaching is used in industry to minimise overhead costs and the environmental 
impact associated with leaching refractory sulphidic ores.  However, bioleaching 
also requires significantly longer extraction periods and attains lower metal 
recoveries compared to conventional methods 6.  The rate and extent of ore leaching 
is limited by the nature of mineral undergoing extraction and the activity and growth 
of chemolithotrophic bacteria.  System conditions can significantly affect bacterial 
activity and growth and must be investigated if the efficacy of bioleaching processes 
is to be improved 8-20.   
 
1.1.1  Mechanisms of metal sulphide dissolution in bioleaching processes 
In bioleaching, metal sulphides are leached via two distinct mechanisms referred 
to as thiosulphate and polythionate pathways 21.  The dissolution of acid insoluble 
metal sulphides (e.g. pyrite and tungstenite) is mediated by the thiosulphate pathway.  
For acid soluble metal sulphides (e.g. arsenopyrite, sphalerite and chalcopyrite) 
dissolution is mediated via the polythionate pathway 22. 
 
The thiosulphate pathway involves breaking chemical bonds between sulphur and 
metal species through a series of 6 one-electron oxidation steps (Figure1.1) 23.  
Sulphur separated from the ore matrix is oxidised to thiosulphate from bacterial or 
chemical intervention to form tetrathionate 22.  Further reactions of tetrathionate can 
result in the formation of higher polythionate species, elemental sulphur and 
sulphate.  Ores dissolved via thiosulphate pathways have been found to produce ca 
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10 - 20% elemental sulphur, when chemolithotrophic bacteria are absent from the 
system 22, 24.   
 
Metal Sulphide 
(MS)
Bacterial/Chemical 
Action; O2
Fe+2 Fe+3
M+2 + S2O3-2 SnO6-2,  S8 SO4-2 + H+
Bacterial/Chemical 
Action: Fe+3, O2
Bacterial/Chemical 
Action: Fe+3, O2
 
Figure 1.1:  Thiosulphate mechanism used to describe dissolution of acid insoluble metal sulphides in 
bioleaching processes 
 
The dissolution of sulphidic ores via the polysulphide pathway is mediated by 
protons and either Fe+3 ions or sulphur-oxidising bacteria (Figure 1.2).  Under 
oxidative conditions, the bonds between the sulphide and metal species are broken.  
Detached sulphur is then converted to H2S by proton attack.  Further oxidation of 
H2S causes the formation of sulphide cations (H2S+), which dimerize to H2S2 and 
protons.  With successive oxidation, the sulphide chain lengthens to form a variety of 
polysulphide species and finally elemental sulphur 22.  For acid soluble minerals 
undergoing dissolution, the majority (ca 90%) of sulphide is converted to elemental 
sulphur 23.  The oxidation of elemental sulphur is solely catalysed by 
chemolithotrophic bacteria and archaea 23-26.   
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Metal Sulphide 
(MS)
Bacterial/Chemical Action 
(S + O2 "  H2SO4); O2
Fe+2 H+, Fe+3
M+2 + H2S+ (H2S2) H2Sn,  S8 SO4-2 + H+
Bacterial/Chemical 
Action: Fe+3, O2
Bacterial/Chemical
Action: Fe+3, O2
H+
 
Figure 1.2: Polythionate mechanism used to describe dissolution of acid soluble metal sulphides in 
bioleaching processes 
 
Studying biological processes involved in the dissolution of solid sulphur or metal 
sulphides is complicated by the presence of solid substrate, multiple chemical 
components and crystalline structures.  This process can be simplified by examining 
the oxidation of elemental sulphur, which is formed as a by-product of metal 
sulphide dissolution in both mechanisms.  Of particular interest is the dissolution of 
acid soluble minerals, which generate larger quantities of elemental sulphur and 
require protons for the reaction to occur.  Sulphur oxidation is an important sub-
process of bioleaching since it is capable of creating diffusional barriers and 
generates protons as a by-product of the reaction.   
 
1.2 Bacterial catalysis of elemental sulphur oxidation 
The process of growing chemolithotrophic bacteria is naturally autocatalytic.  
Autocatalysis refers to a system whereby the catalyst is generated as a by-product of 
Chapter 1  Introduction and literature review 
  
 
 
6  
 
the reaction undergoing catalysis.  The stoichiometry of sulphur oxidation catalysed 
by sulphur-oxidising bacteria is shown in Equation 1.1.   
 
 1½ O2 (g) + S (s) + H2O (l) → SO4-2 + 2 H+    1.1 
 
The rate and the extent of bacteria catalysed sulphur oxidation depends on the 
nature of the organism and the influence of the environmental conditions on the 
specific activity of the bacteria.  The effect of these conditions on chemolithotrophic 
bacteria can be examined by studying variations in the growth parameters, bacterial 
yield (YN) and rates of sulphur oxidation (
dS
dt
). 
 
1.2.1 Bacterial attachment and formation of EPS layers 
The attachment of chemolithotrophic bacteria to the surface of elemental sulphur 
and metal sulphide species is crucial in the oxidation of solid sulphur substrates 27-32.  
Bacterial attachment occurs through the formation of extracellular polymeric 
substances (EPS) 33.  Once attached, cell populations oxidise sulphur by mobilising 
small particles of the solid phase (Figure 1.3) 34-36.  The presence of EPS appears to 
have a role in this mobilisation.   
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Figure 1.3:  A) TEM image of the A. ferrooxidans bacterium with sulphur globules entering and 
contained within the cell membrane (From Rojas-Chapana et al. (1996) 35).  B) TEM image of A. 
ferrooxidans grown on pyrite.  Sulphur nano-particles are uniformly dispersed throughout the 
periplasmic space (From Tributsch and Rojas-Chapana (2007) 37).  Sulphur globules are indicated by 
arrowheads.   
 
Environmental conditions and the composition of the material undergoing 
oxidation significantly influences the attachment of cells, and type and quantity of 
EPS generated 32, 33, 38, 39.  The production of EPS and biofilms has also been found 
to significantly increase when systems contain mixed bacterial cultures 21, 25.  The 
increased production of EPS and biofilms increases cell attachment and the rate of 
sulphur oxidation 33, 38. 
 
A B 
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Studies of pure chemolithotrophic cultures have concluded that planktonic cell 
populations do not contribute to sulphur oxidation, with bacterial replication 
observed only in sessile cell populations 28-31.  The viability of planktonic cell 
populations also decreases with time, where a half-life of 3.5 days has been reported 
28.   
 
Contrary to the above publications 28-31, Ceskova et al. 27 reported that planktonic 
and sessile cells were capable of oxidising elemental sulphur, however, planktonic 
populations did not replicate.  Ceskova et al. 27 provided data showing rates of 
sulphur oxidation continuing to increase relative to planktonic cell numbers once the 
elemental sulphur surface had been fully colonized by A. ferrooxidans27.  Although 
plausible, this did not discount the possibility that sessile cells may have detached 
from the sulphur surface whilst still containing sulphur globules within their 
periplasmic space (Figure 1.3) 35.  Ceskova et al. 27 also attempted to examine the 
specific sulphur oxidation rates of planktonic and sessile cell populations by 
removing 50 and 100% of planktonic cells and replacing the original solution with 
new acidified media.  The removal of this solution resulted in significantly lower 
sulphur oxidation rates, however the experiment did not account for the removal of 
soluble intermediate sulphur species, which are generated during sulphur oxidation 
34, 40-44.   
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1.3 Energetics of sulphur-oxidising bacteria 
 
1.3.1 Bacterial yields 
Bacterial yield (YN) refers to the number of cells formed for a given quantity of 
substrate oxidised.  This is calculated using Equation 1.2, where ΔN and Δn(S) refer 
to the difference in cell number and number of moles of substrate oxidised 
respectively.   
 
 YN = ∆N∆n(S)        1.2 
 
The solid phase nature of elemental sulphur makes the accurate determination of 
YN values inherently difficult.  Attachment of chemolithotrophic bacteria to the 
surface of elemental sulphur complicates the determination of total cell numbers.  
The extent and amount of sulphur oxidised is also difficult to quantify since it cannot 
be measured directly.  The majority of published YN values focus on analysing pure 
cultures of A. ferrooxidans and A. thiooxidans 16-20, 24, 25.  Reported YN values deviate 
significantly from 0.24 to 8.5 × 1011 cells mol-1 (S), as a result of the complexity of 
sulphur systems (Table 1.1).   
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Table 1.1: Bacterial yields (YN) of A. ferrooxidans and A. thiooxidans grown on elemental sulphur. 
Reference Bacteria Culture Type Conditions 
YN / 1011 
(cells mol-1 (S)) 
Konishi et al. (1994) 31 A. ferrooxidans Batch 30 ̊C 6.3 
Konishi et al. (1995) 30 A. thiooxidans Batch 30 ̊C, pH 1.5 2.1 
Gourdon et Funtowicz (1998) 29 A. thiooxidans 
Batch 
Shaker Flask 
30 ̊C, ca pH 4 
30 ̊C, ca pH 4 
2.7 ± 0.5 
2.3 ± 1.2 
Ceskova et al. (2001) 27 A. ferrooxidans Batch 28 ̊C, pH 5.2 4.9 
Chen et al. (2002) 45 A. thiooxidans Batch 30 ̊C, pH 4 - 5 8.5 
Pokorna et al. (2007) 46 A. ferrooxidans Batch 28 ̊C, pH 3 - 6 0.24 - 8.1 
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Table 1.2: Bacterial yields (YN) of pure and mixed chemolithotrophic bacterial cultures grown on tetrathionate under acidic conditions.   
Reference Bacteria Culture Type Conditions 
YN / 1013 
(cells mol-1 (S4O6-2)) 
Eccelston et Kelly 47 A. ferrooxidans 
Batch 
Chemostat 
30 ̊C, pH2.0 
30 ̊C, pH2.5 
4.5 
5.2 
Hazeu et al. 14 A. ferrooxidans Chemostat 30 ̊C, pH 3.0 3.0 - 6.5 
Mason et Kelly 48 A. acidophilum 
Batch 
Chemostat 
30 ̊C, pH 3.2 - 2.0 
30 ̊C, ca pH 4 
3.6 
7.8 
Shiers 49 Mixed Culture Batch 30 ̊C 1.8 
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The yield of chemolithotrophic bacteria on soluble reduced sulphur species has 
also been examined.  Tetrathionate is used as a soluble sulphur substrate because it is 
stable under acidic conditions and is produced as an intermediate sulphur species 
during the oxidation of elemental sulphur 34, 40-44, 50-52.  The variance between 
reported YN values for cultures grown on tetrathionate was less than sulphur cultures 
and this was attributed to the soluble nature of the substrate.  Published data varied 
from 1.8 to 7.8 × 1013 cells mol-1 (S4O6-2) (Table 1.2).   
 
1.3.1.1 Quantifying bacterial attachment 
Accurate determination of cell numbers in systems containing elemental sulphur 
is complicated by the adhesion of cells to the sulphur surface.  Numerous techniques 
have been developed to determine the fraction of bacteria present in sessile and 
planktonic populations.  Methods used to determine sessile cell populations include 
the Langmuir isotherm method 27, 30, 31, 45, 46, 53, radio-tracing 28, 54, epifluorescent 
microscopy 29 and SEM 29.   
 
The Langmuir isotherm assumes that bacteria adhere in a monolayer across the 
sulphur surface and that attachment to any one site is independent of the attachment 
at any other site 29.  Cells present on the sulphur surface were determined by 
dissolving the substrate in CS2 and measuring the cells turbidimetrically 27, 30, 31, 46, 53.  
The dissolution process also results in the partial lysis of cells.  The fraction of cells 
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lysed varies between bacterial species and although quantified, this increases the 
uncertainty of cell number measurements 31, 53.   
 
Radio-tracing is another technique used to determine the adhesion of bacterial 
populations to a solid substrate.  This procedure involves growing an inoculum in a 
basal media containing either marked NaHCO3 (C14) 54 or phosphorus (P32) 28.  The 
specific radioactivity of the inoculum was calculated before these bacteria were used 
to inoculate a series of batch flasks.  The fraction of bacteria attached or unattached 
to the solid substrate was determined by separating the liquid and solid by filtration, 
and measuring the radioactivity of each sample separately 28, 54.  This method proved 
effective at quantifying the fraction of sessile and planktonic cells, with a significant 
portion of bacteria found attached to the particle surface compared to in solution 54. 
 
Sessile cell populations have also been quantified using epifluorescent 
microscopy and SEM 28, 29, 54.  Although these techniques provide a direct 
observation of sessile populations, they require relatively specialised equipment and 
long counting procedures to give representative measurements.   
 
1.3.2 Energetic yield 
Bacterial metabolism has been described in literature 55, 56 as involving two 
distinct reaction processes (Figure 1.4).  Catabolism refers to the energy conserved 
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by the oxidation of substrate coupled with the reduction of O2.  Anabolism refers to 
the energy consumed in the reduction of CO2 for the formation of biomass.  Energy 
generated by the catabolic reaction is only partially utilised by the anabolic reaction 
with remaining energy used in the regulation of other cellular processes,  referred to 
as maintenance energy 57, 58.   
 
Catabolic Energy
S + H2O + 1.5O2 "  SO4-2 + 2H+
Anabolic Energy
 CO2 + c NH3 + (4+a-2b-3c) H+ + (4+a-2b-3c) e-
" CHaObNc +  (2-b) H2O 
Maintenance Energy
YE
 
Figure 1.4:  Flow of electrons from the catabolic reaction to the anabolic processes (biomass 
formation) and maintenance energy. 
 
The fraction of catabolic energy used in the reduction of CO2 can be defined as 
energetic yield, YE.  The value of YE can be calculated using Equation 1.3. 
 
 YE = ∆neTotal Biomass∆neSubstrate        1.3 
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Where ∆neTotal Biomass refers to the number of electrons consumed during the 
formation of biomass and ∆neSubstrate is the number of electrons conserved from the 
oxidation of substrate. 
 
1.3.3 Elemental composition of bacterial cultures 
Chemolithotrophic bacteria form biomass through the sequestration of CO2, 
protons and many other major and minor elements (N, P, S, Mg, Ca, Co, Cu, Cl, K, 
Mn, Mo, Ni, Zn and Fe) from solution 59.  The chemical composition of cells is 
represented in terms of a molar ratio of the major components C, H, O and N, 
ignoring minor contributions from trace elements (i.e. P, S, Mg, Ca, etc.) 56, 60.  The 
number of electrons required to reduce CO2 to an amount of biomass containing 1 
mole of carbon (C-mole) is referred to as the degree of reduction (RD).  Values of RD 
can be estimated using the formula, RD = 4 + a - 2b - 3c, where a, b, and c represent 
the ratios of H, O and N to C (CHaObNc) 56, 60.  Many values of RD have been 
reported, with little variation in the composition of biomass observed between 
bacterial species (Table 1.3) 56, 59, 61-67.   
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Table 1.3:  Reported values for the degree of reduction (RD), molecular weight of 1 C-mole of biomass (MW) and percentage composition of biomass (% CHON) for a 
variety of heterotrophic bacterial species. Stoichiometric ratio of elements H, O and N to 1 mole of C are represented as a, b and c, respectively.   
Strain Reference a b c MW 
(g C-mol-1) 
RD 
(eq C-mol-1) 
% CHON 
(%) 
Substrate 
M. methylophilus Cordier et al. (1987) 64 1.72 0.40 0.25 23.58 4.17 92.77 Methanol 
von Stockar et al. (1993) 56 1.70 0.42 0.25 23.97 4.11 NR Methanol 
S. cerevisiae Battley (2009) 63 1.61 0.56 0.16 24.77 4.01 94.12 Glucose 
Gurakan et al. (1990) 65 1.65 0.49 0.18 24.17 4.13 91.88 Glucose 
Larsson et al. (1991) 66 1.71 0.52 0.17 24.44 4.16 NR Glucose 
von Stockar et al. (1993) 56 1.69 0.55 0.19 25.18 4.59 NR Glucose 
E. coli Battley (1993,1995) 59, 61 1.60 0.37 0.26 23.31 4.06 93.04 Succinic acid 
Cordier et al. (1987) 64 1.70 0.42 0.25 23.95 4.11 91.63 Glucose 
P. saccharophila Battley (1996) 62 1.62 0.33 0.17 21.32 4.44 NR Glucose 
L. helveticus Gurakan et al. (1990) 65 1.62 0.38 0.23 22.92 4.86 91.72 Glucose 
Z. baili Gurakan et al. (1990) 65 1.64 0.54 0.13 24.14 4.56 90.22 Glucose 
D. nepaliensis Gurakan et al. (1990) 65 1.80 0.63 0.09 25.07 4.54 95.56 Glucose 
K. fragilis Cordier et al. (1987) 64 1.75 0.52 0.15 24.16 4.71 92.38 Glucose 
K. fragilis Cordier et al. (1987) 64 1.75 0.53 0.17 24.56 4.69 91.39 Galactose 
K. fragilis Cordier et al. (1987) 64 1.78 0.57 0.16 25.19 4.64 91.65 Lactose 
D. vulgaris Postgate (1984) 67 1.83 0.51 0.25 25.44 4.07 NR Sodium sulphide 
NR: Values not reported. 
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Provided the number of moles of CHaObNc is known, a chemical oxygen demand 
(COD) analysis can be used to empirically determine values of RD.  This analysis is 
conducted under acidic conditions, using an excess of K2Cr2O7 to oxidise organic 
matter 68, 69.  The number of electrons generated during a COD analysis when 
biomass is oxidised back into its original building blocks, CO2, NH3 and H+, must be 
the same as the number of electrons consumed when the biomass was formed 68.  
The corresponding half reactions are represented using the Equation 1.4 and 1.5.  
Equation 1.4 is a generic representation of biomass oxidation. 
 
CHaObNc +  (2-b) H2O " CO2 + c NH3 + (4+a-2b-3c) H+ + (4+a-2b-3c) e-  
          1.4 
Cr2O7-2 + 14 H+ + 6 e- " 2 Cr+3 + 7 H2O     1.5 
 
The continued oxidation of NH3 to NO3- does not occur unless Cl- ions are present 
within the solution 68.  In the presence of K2Cr2O7, however, Cl- ions are also 
oxidised to Cl2.  Chloride is removed from the system using mercuric sulphate, 
which complexes to the ion 68.   
 
Remaining K2Cr2O7 is quantified via back-titration against a known 
Fe(NH4)2(SO4)2 solution (Equation 1.6).   
 
 Cr2O7-2 + 14 H+ + 6 Fe+2 " 2 Cr+3 + 7 H2O + 6 Fe+3   1.6 
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Once the total number of electrons used in the formation of biomass (neCHON) and 
the number of moles of biomass oxidised (nCHON, units of C-mole) are known, RD 
can be calculated using Equation 1.7.   
 
 RD = neCHONnCHON         1.7 
 
1.4 Kinetics of bio-catalysed sulphur oxidation 
The oxidation of elemental sulphur is an aerobic process, requiring oxygen and 
water (Equation 1.8).  Although elemental sulphur is thermodynamically unstable 
and will oxidise to sulphate in the presence of H2O and O2, the rate of this reaction is 
very slow and it does not occur readily at ambient temperature without some form of 
catalyst present (Equation 1.1) 10, 14, 23, 97, 99.   
 
2 S + 3 O2 +2 H2O " 2 SO4-2 + 4 H+     1.8 
 
Considering cells as the catalyst, the rate of sulphur oxidation will therefore be 
some function of the surface area of solid sulphur occupied by cells, SAO, the 
concentration of oxygen, [O2], and water, [H2O], at the sulphur surface.  A rate 
function for sulphur oxidation, dS
dt
, can be defined using the expression 70, 71: 
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 dS
dt
 = kˈ SAOa [O2]b [H2O]c      1.9 
 
The reaction order with respect to SAO, [O2] and [H2O] is represented by the 
constants a, b and c.  The rate constant, kˈ, in this case, is directly related to the 
catalyst and must express the cell’s metabolic rate.  In instances where the process is 
catalysed by cells in relatively dilute solutions, values of [H2O]c can be considered 
constant, giving Equation 1.10: 
 
 dS
dt
 = k1ˈ SAOa [O2]b       1.10 
 
1.4.1  Rate models for the dissolution of elemental sulphur 
Various model structures are used to describe a number of idealised scenarios 
when mineral particles undergo dissolution 72, 73.  The dissolution of small, spherical 
particles can be described using shrinking core, shrinking sphere ‘thin film diffusion 
controlled’ and shrinking sphere ‘reaction controlled’ models.   
 
The shrinking core model assumes the rate of particle dissolution is transport-
limited and that the unreacted particle is surrounded by a semi-permeable layer, 
which remains the same dimensions as the initial particle (Figure 1.5) 72, 74.  Equation 
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1.11 describes the fractional dissolution (α) of a particle undergoing this type of 
dissolution. 
Unreacted 
Particle
Semi-permeable Layer
Constant Particle 
Diameter, dd d
 
Figure 1.5: Graphical representation of the shrinking core model 
 
 1 − 3(1 − α)23 + 2(1 − α) = 2MSDCO2
ρSar0
2 t    1.11 
 
Where α is the fraction of particle dissolved, MS is the molecular weight of 
sulphur, CO2 is the concentration of O2 in solution, ρS is the density of sulphur, a is 
the stoichiometric coefficient of O2, ro is the initial surface area of sulphur and t is the 
time elapsed.  The diffusion coefficient of O2 through the semi-permeable layer is 
represented as D.   
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The shrinking sphere ‘thin film diffusion controlled’ model also assumes a 
transport-limited reaction, however, the thickness of the diffusional layer 
surrounding the unreacted core remains constant (Equation 1.12).  The overall size of 
a particle undergoing this type of dissolution decreases over time (Figure 1.6). 
Unreacted 
Particle
Semi-permeable Layer
Constant 
Thickness, T
TT
 
Figure 1.6: Graphical representation of the shrinking sphere 'thin film diffusion controlled' model 
 
1 − (1 − α)23 = 2MSDCO2
ρSr02
t      1.12 
 
The shrinking sphere ‘reaction controlled’ model describes particle dissolution for 
a system where the rate is under chemical rather than transport control (Equation 
1.13) 74.  The reaction rate constant for a particle reacting with O2 is represented as k 
and can be estimated provided particle dissolution is not limited by the diffusion of 
O2 to the particle surface.   
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Unreacted 
Particle
 
Figure 1.7: Graphical representation of the shrinking sphere 'reaction controlled' model 
 
 1 − (1 − α)13 = kMSCO2
ρSr0
t      1.13 
 
The oxidation of elemental sulphur generates soluble reaction products, which 
diffuse into the bulk solution.  In the presence of chemolithotrophic bacteria, 
however, the sulphur particle is surrounded by a diffusional barrier caused by the 
attachment of cells and formation of biofilm 27-32.  The thickness and diffusivity of 
the film will affect the rate O2 diffuses to the particle surface and this may result in 
the rate of sulphur oxidation becoming transport-limited.   
 
1.4.2  Analysing for sulphur oxidation 
The extent and rate of sulphur oxidation is intrinsically difficult to measure, 
however it should, theoretically, be possible to estimate the progress of this reaction 
(Equation 1.1) from the accumulation of reaction products.  Sulphur oxidation forms 
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two end products; sulphate and protons.  A number of methods have been employed 
to determine the formation of sulphates during sulphur oxidation, including 
gravimetric analysis 45, high pressure ion chromatography (HPIC) 29 and 
isotachophoresis 27, 53, 75.  The uncertainty associated with measurements of sulphate 
increases in systems containing high sulphate backgrounds.  This uncertainty is 
caused by the subtraction of two similar quantities (initial and final sulphate 
concentration), each carrying a degree of uncertainty. 
 
Decreases in pH have been used to calculate the extent and rate of sulphur 
oxidation 27, 45, 53, 75.  The measurement of pH is convenient however complications 
arise from the diprotic nature and incomplete dissociation of H2SO4.   
 
1.4.2.1 Dissociation of protons from sulphuric acid 
Although H2SO4 is a strong acid and is almost dissociated completely under most 
environmental conditions, the conjugate base, HSO4-, does not dissociate 
significantly, unless exposed to a pH above 3 16, 48.  Equilibrium constants for the 
dissociation of H2SO4 (pKa1) and HSO4- (pKa2) are given in Equations 1.14 and 1.15 
27, 76.   
 
H2SO4 + H2O ⇋ HSO4− + H3O+  pKa1 = -3  1.14 
HSO4- + H2O ⇋ SO42− + H3O+  pKa2 = 1.99  1.15 
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These dissociations have been well documented but practical application of pH 
measurements to determine the amount of sulphur oxidised are limited.  Ceskova et 
al. 27 analysed the effect of pH on the dissociation of protons from H2SO4 using 
capillary isotachophoresis.  The study found that at pH ≥ 3, the majority of protons 
were dissociated from H2SO4 and at pH ≤ 1, only a single proton was removed.  
Further investigation led to the conclusion that pH measurements were only reliable 
in the calculation of sulphur oxidation if the system pH was greater than 2.  When 
pH was less than 2, the number of protons dissociated from H2SO4 could not be 
predicted reliably.   
 
The number of protons dissociated from sulphuric acid can be generally defined 
using Equation 1.16. 
 
H2SO4 ⇋ (1+x) H+ + (1-x) HSO4− + x SO4-2  0 ≤ x ≤ 1 1.16 
 
This expression assumes that the first proton has been dissociated completely 
from H2SO4 and x can be found if the concentration ratio of 
C
SO4
−2
CHSO4
−
 is known.  The 
number, 1+x, refers to the total number of protons released from 1 mole of H2SO4 
and x indicates the number of protons dissociated from 1 mole of HSO4-. 
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At any pH the activity ratio of 
a
SO4
−2
aHSO4
−
 is represented using the Henderson-
Hasselbach Equation: 
 
a
SO4
−2
aHSO4
−
= 10(pH−pK𝑎2)       1.17 
 
The concentration ratio 
C
SO4
−2
CHSO4
−
 can be calculated from the activity ratio 
a
SO4
−2
aHSO4
−
 and 
activity coefficients for SO4-2 and HSO4- (γSO4−2 and γHSO4− respectively) (Equation 
1.18). 
 
 
C
SO4
−2
CHSO4
−
= γHSO4−   aSO4−2
γ
SO4
−2   aHSO4−       1.18 
 
In sulphate systems where pH and ionic strength (I) are constant, each mole of 
H2SO4 produced by the oxidation of sulphur dissociates consistently producing 1+x 
mole of protons, 1-x mole of HSO4- and x mole of SO4-2 (Equation 1.16).  The 
relationship between 
C
SO4
−2
CHSO4
−
 and 
a
SO4
−2
aHSO4
−
 allows values of x to be estimated.  This 
relationship, however, can only be determined if values of γSO4−2, γHSO4− and Ka2 are 
known.  The number of moles of sulphur oxidised is related to pH change caused by 
the number of free protons produced.  Solution parameters, pH and ionic strength, 
are important factors and must remain constant for the ratio CSO4−2
CHSO4
−
 and x to also 
remain constant.   
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A system capable of determining the ionic strength of a solution is vapour 
pressure osmometry 77.  This process is capable of detecting differences in vapour 
pressure between a pure solvent and sample solution 77, 78.  This is a comparative 
analysis, where simple ionic solutions exhibit predictable changes in measurements.  
The most common references used for aqueous samples are KCl or NaCl, which 
have vapour pressures well defined as a function of molality 78, 79.   
 
Activity coefficients, γSO4−2 and γHSO4−, can be estimated using Davies Equation 
(Equation 1.19) if I ≤ 0.5mol L-1: 
 
 log γi = − A. z2. � √𝐼1+√𝐼 − 0.2𝐼�     1.19 
 
Where A is the effective ion size parameter (0.511), zi is the ion charge, γi is the 
activity coefficient for the ion and I is the ionic strength of the bulk solution.   
 
The relationship between 
a
SO4
−2
aHSO4
−
 and pH depends on values of Ka2, which will vary 
according to ionic strength and temperature (Equation 1.17).  Values of Ka2 must 
therefore be calculated for the system under examination and this can be done 
through the use of mass balances.  In sulphur systems containing a high background 
of Na2SO4, the majority of ions present in the bulk solution will result from the 
dissociation of either Na2SO4 or H2SO4; all other ions will be negligible.  Since the 
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initial dissociation step for Na2SO4 and H2SO4 occurs readily, the predominating 
ionic species in the system should be Na+, SO42–, NaSO4– and HSO4–.   
 
A set of mass balances can be used to determine CSO4−2
CHSO4
−
.  These mass balances 
were constructed with respect to the unknown concentration of the four 
predominating ionic species in the system; CNa+, CSO4-2, CNaSO4- and CHSO4-.   
 
TS = CHSO4- + CNaSO4- + CSO4-2     1.20 
TNa = CNa+ + CNaSO4-       1.21 
CH+ = CHSO4- + CNaSO4- + 2 CSO4-2 - CNa+    1.22 
I = 0.5 (γH+ CH+ + γNa+ CNa+ + γHSO4- CHSO4- + γNaSO- CNaSO4- + 4 γSO4-2 CSO4-2)
          1.23 
 
Values of pH (aH+), ionic strength (I), total SO4-2 (TS), total Na+ (TNa) ion 
concentrations and activity coefficients (γ) can be established empirically.  Using 
these methods, it is possible to find the number of free protons, 1+x, released for 
each mole of sulphur oxidised under any set of conditions (Equation 1.16).   
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1.5 Effect of environmental conditions on bacterial kinetics and 
thermodynamics 
It is necessary practice in bio-heap leaching processes that the lixiviant is recycled 
with only the valuable components removed 6.  This inevitably leads to increased 
ionic strength and changes in pH.  The direction of pH change depends on the ratio 
of sulphur and acid consumption of the gangue material present within the system.  
An excess of sulphur results in pH reduction and an excess of acid-consuming 
gangue material can lead to an increase in pH.  Changes in environmental conditions 
can have a dramatic impact on the activity of bacteria and the productivity of the 
system.   
 
1.5.1  Influence of pH 
A major factor influencing bacterial growth in bioleaching systems is the 
increased proton activity caused by sulphur oxidation.  For bacteria to survive and 
grow, the internal cellular pH must be maintained between 6 - 7 at all times despite 
the large pH gradient exerted across the membrane 80-82.  Homeostasis is thought to 
be maintained through a number of physiological differences between acidophile and 
neutralophile membranes; including the presence of reversed membrane potentials 
and highly impermeable cell membranes 80.  Reversed membrane potentials are 
generated by the influx of K+ ions to produce a positive internal potential 80, 82.  This 
potential creates a chemiosmotic barrier against protons and significantly reduces the 
rate of proton diffusion into the cell (Figure 1.8).  When there is an excess of protons 
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inside the cell membrane, bacteria react by either sequestering protons or by using 
cytoplasmic buffering 80, 83.   
 
Figure 1.8:  Possible mechanisms utilised by acidophilic bacteria to maintain pH homeostasis. (i) 
Cells generate a reverse membrane potential from the influx of K+ ions, creating a chemiosmotic 
barrier and deterring protons from passing through the membrane.  (ii) The membrane is highly 
impermeable and reduces the influx of protons.  (iii) Enzymes are utilised to bind and sequester 
excess protons within the membrane (Adapted from Baker-Austin et Dopson (1980) 80). 
 
The optimal pH range for sulphur-oxidising bacteria has been determined from 
observation of bacterial yield and activity.  Plumb et al. 20 found that the optimal pH 
for the growth of A. thiooxidans and A. caldus occurred between pH 1.5 - 2.0 20.  At 
pH 0.5 no bacterial growth or sulphur oxidation was observed and at pH 3.5 poor 
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growth was exhibited.  Kelly and Wood 16 obtained similar results, examining a 
wider pH range of 0.5 to 5.5.   
 
1.5.1.1 Effect of pH on metabolic pathways 
Metabolic pathways associated with the oxidation of sulphur species are 
complicated and a number have been proposed 84-86, with key enzymes still 
undergoing characterisation.  Enzymes associated with the oxidation of sulphur are 
located within the periplasmic space of the cell 84-86.  The oxidation of sulphur 
therefore requires solid sulphur species to pass through the outer wall.  The transport 
of sulphur species through the outer wall and within the periplasmic space involves 
membrane-bound transport proteins containing a highly reactive thiol functional 
group (R-SH), to form R-SSnH (Figure 1.9) 84-86.  
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Figure 1.9:  A proposed mechanism for the oxidation of elemental sulphur.  Sulphur traverses through 
the cell wall via an outer-membrane protein (OMP, also referred as R-SH), which binds to S8 and 
forms R-SSnH.  The periplasmic enzyme, sulphur dioxygenase (SDO) reacts with R-SSnH to generate 
sulphite.  Sulphite is oxidised to sulphate from the enzyme, sulphur oxidoreductase (SOR).  Free 
sulphides are oxidised by sulphur dehydrogenase (SQR).  Possible electron acceptors postulated in 
this mechanism are cytochromes (Cyt) and quinones (Q) (From Rohwerder et Sand (2003) 84). 
 
The reaction between R-SH and S8 is still undergoing investigation however it is 
reasonable to assume that these interactions will be similar to those observed for the 
thiol compound, reduced glutathione (GSH).  Reactions of GSH with S8 and S2O3-2 
have been examined previously and the mechanisms for these interactions are given 
in Equations 1.24, 1.25, 1.26 and 1.27 47, 48, 87-89.   
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 GS- + S8 → GSS8-       1.24 
 GSS8- + O2 + H2O → GSS7- + SO3-2 + 2H+    1.25 
 GS- + S2O3-2 → GSS- +SO3-2      1.26 
 GSS- + O2 + H2O → GS- + SO3-2 + 2H+    1.27 
 
The thiol functional group must be deprotonated for GSH to interact with reduced 
sulphur species.  The ratio of deprotonated and protonated GSH (CGS
−
CGSH
) depends on 
the acid dissociation constant, pKa, and the pH of the bulk solution.  If pH is less 
than the pKa, the ratio 
CGS−
CGSH
 will be in favour of the protonated species, CGSH, and the 
reaction rate of reaction 1.24 will decrease.  If pH is greater than the pKa value, the 
deprotonated species, CGS-, will predominate and the reaction rate will increase.   
 
Since the transport protein, R-SH, is located within the cell wall, the bulk solution 
pH will have a significant effect on the mobilisation of sulphur species.  The impact 
of pH will depend on the pKa of R-SH, however, under increasingly acidic 
conditions it would be expected that the rate of sulphur mobilisation would decrease 
due to the increased protonation of R-S-.   
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The fraction of electrons conserved during the complete oxidation of elemental 
sulphur and polythionate species to SO4-2 is related to the mobilisation of sulphur 
species and metabolic processes 27, 75, 76.  During the mobilisation of thiosulphate and 
polythionate species, the membrane-bound transport protein, R-SH, cleaves the 
bonds between S-SO3 to form R-SSnH (Equation 1.28 and Figure 1.9) 84.  Sulphite 
generated from the cleaving of S-SO3 is not mobilised by the protein into the 
periplasmic space and therefore not oxidised by the cell.   The oxidation of sulphide 
species attached to R-SSnH to form SO3-2 is catalysed by sulphur dioxygenase (SDO) 
and the electrons are not conserved (Equation 1.29 and Figure 1.9) 84, 86.  Kelly 
hypothesised that the electrons generated from the oxidation of SO3-2 to SO4-2 are 
conserved, because sulphur oxidoreductase (SOR) is coupled with cytochromes 
(Equation 1.30) 87.  This means that 2 and 4 moles of electrons will be conserved 
during the oxidation of 1 mole of elemental sulphur and tetrathionate respectively.   
 
[S-SO3]-2 → SO3-2 + [S]      1.28 
[S] + O2 + H2O → H2SO3      1.29 
H2SO3 + ½ O2 → H2SO4      1.30 
 
1.5.2 Influence of ionic species 
The presence of metal species in solution is essential for bacterial survival, with 
various metal ions required for the production of catalysts, enzyme co-factors and 
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stabilisers for protein species.  When metal concentrations increase to toxic levels, 
bacteria decrease their membrane permeability by increasing its rigidity 9, 12, 
sequester the toxic metal or efflux the chemical out of the cell 13.  
 
In situations where ion species do not directly influence metabolic processes (i.e. 
Na2SO4 and K2SO4) effects are generated by colligative properties caused by 
increased ionic strength 10.  For example, at higher ionic strength the osmotic 
gradient across the cell membrane increases.  To counteract the increased osmotic 
pressure, bacteria require greater quantities of maintenance energy to maintain 
cellular homeostasis.  Higher ionic strengths also reduce the solubility of both O2 
and CO2 in solution 90.  A reduction in the solubility of O2 decreases the rate of 
sulphur oxidation directly, whereas a reduction in the concentration of CO2 reduces 
the formation of cells and decreases the autocatalytic nature of the bacteria 8, 11, 91, 92.   
 
High ion concentrations in the bulk solution are also capable of affecting the 
kinetics of electron transfer if the metabolic step is exposed to the bulk solution 93.  
This effect is referred to as a ‘kinetic salt effect’.  In instances where the rate-limiting 
step requires the binding of two similarly charged species, the presence of spectator 
ions reduces the repulsion forces acting on the reacting species and increases the 
reaction rate.  If the rate-limiting step involves two oppositely charged ions, the 
reaction rate would decrease as a result of the same effect.   
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1.5.3 Influence of CO2 partial pressure 
The effect of supplementing CO2 into the air stream of a bioleaching process has 
been examined previously to improve the dissolution of metal sulphide species 11, 15, 
18, 94.  Since the partial pressure of CO2 in the atmosphere is ca 380 ppm and 
bioleaching occurs under acidic conditions, the solubility of CO2 in aqueous 
solutions is relatively low 95.  The theory behind CO2 supplementation is that 
increased CO2 partial pressures will increase the concentration of CO2 dissolved in 
solution, removing any limitation of CO2 available for biomass formation.  The 
concentration of dissolved CO2 can also be affected by a number of other factors 
including solution ionic strength, pH and temperature.  As a result, previous studies 
examining the impact of CO2 supplementation on bacterial growth and activity 
report varied results 8, 11, 14, 18, 19.   
 
When CO2 was supplemented into the air supply of sulphur systems, the uptake of 
CO2 increased 14, 18, 19.  This was indicative of an increase in bacterial growth, which 
was reported by Petersen et al. 18, 19 and Hazeu et al. 14.  Bryan et al. 11 also observed 
an increase in the formation of cells, however this occurred when CO2 partial 
pressures in the air supply were below atmospheric levels.  Above atmospheric CO2 
levels no increase in cell production or rates of substrate oxidation were observed.  
Provided CO2 was not depleted within the system 8, increasing CO2 supplementation 
did not significantly affect rates of sulphur oxidation and mineral dissolution 11, 14, 18, 
19.   
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1.5.4 Influence of elemental sulphur allotropes 
Elemental sulphur species are capable of forming a wide range of crystalline 
structures, with more than 30 allotropes identified 96.  The predominating sulphur 
allotropes observed in nature 97 and that are formed during the dissolution of metal 
sulphides 98, are cyclic orthorhombic sulphur, α-S8; and long-chained polymeric 
sulphur, μ-S.  Polymeric sulphur allotropes are thermodynamically unstable under 
standard temperature and pressure and are converted into the more stable 
orthorhombic form 99, 100.  This conversion, however, is kinetically very slow at 
ambient temperature 23, 35, 98, 100, 101.   
 
The ability of bacteria to oxidise different elemental sulphur allotropes varies 
considerably depending on the bacterial species present.  Variations in the 
preferential consumption of sulphur allotropes is believed to be a contributing factor 
to the inconsistencies observed between literature values for yield and rates of 
sulphur oxidation 98, 99.   
 
The effects of sulphur allotropes on bacterial growth and kinetics have not been 
examined extensively, however those observations reported in literature vary widely.  
Initial studies presented by Laishley et al. 102, showed that a pure culture of 
Acidithiobacillus albertis was capable of oxidising polymeric and orthorhombic 
sulphur allotropes separately.  In the presence of both allotropes however, sulphur 
oxidation decreased significantly, which was assumed to occur due to a reduced 
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availability of steric binding sites for the attachment of bacteria 102.  Laishley’s 
research was repeated by Blight et al. 99 and Franz et al.97 with significantly different 
observations obtained for each analysis.  Blight et al. 99 examined a mixed culture of 
sulphur-oxidising bacteria, with bacteria solely growing on orthorhombic sulphur.  
Franz et al. 97 examined phototrophic sulphur-oxidising bacteria, Chromatiaceae, 
Ectothirhodospiraceae and Allochromatium vinosum, which exclusively consumed 
polymeric sulphur. 
 
1.6 Scope of thesis research 
A primary focus of this study was to examine the impact of environmental 
conditions on a mixed culture of sulphur-oxidising chemolithotrophic bacteria.  Of 
particular interest were the effects of pH, CO2 partial pressure and ionic strength on 
bacterial growth and kinetics.  Biological sulphur systems have been extensively 
studied, however published data on bacterial growth and activity varies significantly 
46, 99.  These variations may be attributed to a number of uncertainties including the 
impact of elemental sulphur allotropes 98, 99, difficulties maintaining environmental 
parameters 16, 20, 81, errors associated with cell adhesion to elemental sulphur 27-31, 45, 
46, 53, 54, 103, 104 and the quantification of sulphur oxidation 15, 32, 41, 65.  As a result, this 
study also aimed to develop methods to minimise the uncertainties associated with 
the study of these organisms.   
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Yield is an important variable used to estimate changes in bacterial growth as a 
result of environmental conditions.  The concept of yield is complicated by the use 
of various definitions, however, the aim of this study was to examine the production 
of cells and total biomass from a given amount of substrate.  The significance of EPS 
and soluble organics compared to the formation of cells will also be examined.  To 
explore the effect of environmental variables on biomass formation, chemical 
oxygen demand (COD) analyses were utilised.  This enabled the evaluation of RD 
values for a mixed culture of sulphur-oxidising bacteria.   
 
The kinetics of sulphur-oxidising bacteria were examined using a novel reactor 
system.  This apparatus was used to determine the rate and extent of sulphur 
oxidation, dS
dt
, and to explore the effect of environmental variables.  A rate expression 
for the oxidation of sulphur was derived using data from these experiments.   
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Chapter 2  Materials and methods 
 
All solutions were prepared using distilled water and all chemicals used were 
analytical grade reagents unless otherwise stated.  All experiments were conducted at 
35oC.  A pH meter (Metrohm model No.691) and intermediate junction electrode 
(Ionode; IJ44C) were used to measure pH and were calibrated using pH 1.68 and 
3.56 buffers 105.  All pH probes used in the ‘pH static’ batch culture experiments 
were coated in Teflon tape (Section 3.3.1.2).   
 
Chemolithotrophic cell lines were sourced from long-term storage reactors (7 
years) containing mineral sulphide slurries.  Serial subcultures (referred to as 
‘maintenance cultures’) of the slurry were prepared using M20 pH 2.0 media 
(Section 2.1) and grown on sulphur (α-S8).  Inoculum was taken from the filtrate of 
maintenance cultures, passed through Whatmann no. 1 filter papers.  Cell counts 
were performed at the beginning and end of every batch culture experiment using a 
Hauser haemocytometer (grid area of 2.5×10-3 mm2; volume of 2.5×10−10 L).   
 
Orthorhombic sulphur (α-S8) was used for all sulphur batch culture experiments 
and maintenance cultures unless otherwise stated.  Sulphur was prepared by re-
crystallisation from xylene, which was then crushed and sieved to obtain relatively 
consistent particle sizes (sieve size range: 38 - 63 µm).  Sulphur surface area was 
determined using a TriStar II 3020 Surface Area and Porosity System (Micrometrics) 
Chapter 2  Materials and methods 
  
 
 
40  
 
and BET (Brunauer-Emmett-Teller) isotherm.  Surface area of α-S8 used in all 
experiments was 0.1966 ± 0.0042 m2 g-1.  Sulphur was analysed using RAMAN 
spectroscopy; and spectra compared to literature (data not included).   
 
2.1 Minimal media preparation 
All minimal growth media was prepared from three component solutions. Macro-
nutrients (Solution A), was prepared by dissolving (NH4)2SO4 (5.00 g), K2HPO4 
(2.50 g), MgSO4.7H2O (2.50 g) and CaCl2.0.5H2O (0.100 g) in 1.00 L of distilled 
water and adjusted to pH 1.50 ± 0.05 with concentrated H2SO4.  Micro-nutrients 
(Solution B), was prepared by dissolving CoSO4.7H2O (2.49 g), CuSO4.7H2O (2.81 
g), MnSO4.H2O (1.69 g), (NH4)6Mo7O24.4H2O (1.77 g), NiSO4.6H2O (2.62 g) and 
ZnSO4.7H2O (2.87 g) in 1.00 L of distilled water and adjusted to pH 1.50 ± 0.05 
with concentrated H2SO4. Micro-nutrients iron solution (solution C), was prepared 
by dissolving Fe2(SO4)3.5H2O (technical grade reagent) (2.45 g) in 1.00 L of distilled 
water and adjusted to pH 1.50 ± 0.05 with concentrated H2SO4.  All media used in 
this study were prepared by combining 20.0 mL of solution A, 1.00 mL of solution B 
and 1.00 mL of solution C and dissolving known quantities of Na2SO4 in 1.00 L of 
distilled water.  Concentrated H2SO4 was added to the media to decrease pH to the 
required value (pH: 1.0, 1.5, 2.0, 2.5 and 3.0).  All media were filtered through 0.45 
µm membranes before being analysed. 
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Media at varied ionic strengths were prepared by adding 10, 20 and 40 g L-1 of 
Na2SO4 (M10, M20 and M40 respectively), with media acidified to pH 2.0 (Table 
2.1).  The initial ionic strength (I) of media at varied pH (1.0, 2.0 and 3.0) was 
adjusted to a constant value using Na2SO4 and concentrated H2SO4 additions (M10 
pH1.0, M20 pH2.0 and M20 pH3.0, respectively) (Table 2.1).  Media was adjusted 
until ionic strengths closely matched those for M20 pH2.0 media.  Vapour pressure 
osmometry was used to measure the ionic strength differences between media 
(Section 2.3.1.2). 
 
Table 2.1: Minimal media preparation, pH, [Na2SO4] and ionic strength (I) 
Media pH [Na2SO4] (g L-1) I (mol L-1) 
M00 pH2.0 2.0 0.00 0.018 
M10 pH2.0 2.0 10.0 0.110 
M20 pH2.0 2.0 20.0 0.191 
M40 pH2.0 2.0 40.0 0.338 
M20 pH1.0 1.0 20.0 0.367 
M20 pH1.5 1.5 20.0 0.219 
M20 pH2.5 2.5 20.0 0.176 
M10 pH1.0 1.0 9.15 0.155 
M20 pH3.0 3.0 20.1 0.163 
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2.2  Batch reactors 
 
2.2.1 ‘Shake flask’ batch reactor set-up 
All ‘shake flask’ reactors were prepared in 500 mL conical flasks and stoppered 
with cotton wool.  Media at different ionic strengths (M10, M20 and M40) and pH 
(pH 1.0, 2.0 and 3.0) were studied.  Two substrates were employed; K2S4O6 and α-
S8.  Tetrathionate cultures were prepared by dissolving, ca 0.360 g of K2S4O6 in 500 
mL of media, with 200 mL transferred to duplicate reactors.  Remaining media was 
analysed for initial S4O6-2 concentrations using a COD analysis (Section 2.3.3).  
 
Sulphur cultures were prepared by adding ca 20 mg of α-S8 and 200 mL of media 
to the reactor vessels.  All cultures were inoculated using a 1.0 mL cell suspension 
containing ca 2.5 x 1010 cells L-1.  Cyanolysis was used to determine if any residual 
reduced sulphur species were still present in solution (Section 2.3.2).  At the 
completion of the growth cycle, cell counts and COD analyses were performed 
(Section 2.3.3). 
 
2.2.2  ‘Gas sealed’ batch reactor set-up 
The ‘gas sealed’ reactor was constructed using a ‘quick-fit’ 500 mL triple-neck, 
round-bottom glass vessel, attached with a suba-seal (B24 port), glass stopper (B19 
port) and tubing adapter (B19 port).  A U-tube manometer was attached to the 
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reactor via PVC tubing (8 mm diameter by 1.5 mm thickness), which was connected 
to the adapter.  A manometer reservoir was filled with pH 1.5 H2SO4 buffer and was 
capable of a total 50 mL volume adjustment.  Pressures in the reactor were 
controlled by adjusting the manometer reservoir position, with internal pressures 
maintained at ambient atmospheric pressure during all batch culture experiments and 
gas analyses unless otherwise stated.  Total system volumes were measured using the 
number gradient along the manometer (Figure 2.1).   
 
Suba Seal - Gas 
Sampling Port
Sampling Port
Manometer - Maintained at 
Ambient Pressure
Silicon Tubing
Manometer 
reservoir
Burette
PVC Tubing
Gas Sealed Reactor
H2SO4 Buffer - pH1.5
Bacterial Culture
 
Figure 2.1:  Schematic representation of the ‘gas sealed’ batch reactor 
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‘Gas sealed’ batch culture experiments were all conducted at 35oC and agitated 
using an orbital rotating incubator (Ratek Instruments).  Reactors were prepared by 
adding 25 mL of M20 pH 2.0 media and ca 65 mg of K2S4O6.  Inoculum (1.0 mL) 
was transferred to the reactor via a sampling port and the solution mixed thoroughly.  
The system was sealed and a known volume of CO2 was added (2, 3, 4 and 8 mL).  
Initial CO2 and O2 partial pressures were measured soon after sealing the reactor (ca 
30 min) (Section 2.2.2.1).  Initial cell numbers were determined using a liquor 
sample (1.0 mL) taken before the reactor was sealed.  At the completion of the 
growth cycle; CO2 and O2 gas analyses, cell counts and chemical oxygen demand 
(COD) analyses were performed (Section 2.3.3). 
 
2.2.2.1 CO2 and O2 gas analysis 
All ‘gas sealed’ reactors were maintained or cooled to laboratory temperature at 
the beginning and end of batch culture experiments.  Gas partial pressures for CO2 
and O2 were determined using CO2 (CA-10 CO2 analyser; Sable Systems 
International) and O2 analysers (PA-10 paramagnetic O2 analyser; Sable Systems 
International).  Reactor head space (1.0 mL) and gas standards (0.3, 0.5, 0.8 and 1.0 
mL, containing 2.00% v/v CO2 and 20.5% v/v O2) were sampled using a gas-tight 
syringe and passed through the gas analysers.  Internal pressure changes in the 
reactor were measured by the difference between manometer reservoir and burette 
water levels (referred to as back pressure; mm (H2O)).  Before samples were taken 
for gas analysis, the position of the manometer reservoir was adjusted so that 
pressure within the reactor corresponded to ambient pressure.  Laboratory 
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temperature, barometric pressure and burette volumes were recorded for each 
headspace sample. 
 
2.2.2.2 Determination of ‘gas sealed’ reactor volumes  
Each reactor system was dried and sealed, with ambient pressure established.  
Initial system volume and back pressure were recorded (0 mm (H2O) at ambient 
pressure).  The manometer reservoir was adjusted to several positions along the 
burette, with manometer volume and back pressure recorded at each point.  A plot of 
manometer volume (ΔV+x) vs. back pressure (Psys) was constructed, with the 
reactor volume given by the gradient.  Over the duration of these experiments, 
ambient pressure and temperature were assumed to remain constant.   
 
2.2.2.3 Loss of CO2 from the ‘gas sealed’ reactors 
Losses of CO2 from the sealed reactor were measured at each initial partial 
pressure of CO2.  Reactors were sealed and a known volume of CO2 was added to 
the system (2, 3, 4 and 8 mL) and atmospheric pressures were re-established.  Initial 
CO2 and O2 partial pressures were determined in the reactor headspace, with 
sampling occurring every day for a period of 7 days.  A plot was constructed for the 
number of moles of CO2 in the reactor (nCO2) vs. time.   
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2.2.3  ‘pH static’ batch reactor set-up 
All ‘pH static’ batch experiments were conducted in a 1.3 L jacketed vessel with 
sealed lid and condenser.  The lid contained several air-tight ports where a pH probe, 
temperature probe, air sparger and auto burette were inserted.  The gas stream was 
released through a vertical condenser (maintained at 10oC) and condensate was 
returned to the reactor.  A Teflon-coated magnet was used for agitation.   
 
The reactor was filled with media (ca 850 mL) for up to 24 hours before 
inoculation and the media pH was monitored.  Batch experiments were maintained at 
a desired pH by the addition of a standardised NaOH solution.  Base addition rates 
and volumes were regulated using a computer interface (DeTerminal).  All pH 
measurements for ‘pH static’ batch experiments were recorded as voltage (mV).  
Measurements of media pH before inoculation were input manually into the interface 
algorithm as the pH set-point.  Base additions were made when media acidity caused 
pH measurements to exceed the set-point and ceased once the pH set-point was 
reached (0.1 mL added every 2 min).  Base was delivered using an auto-titrator 
(Dosimat; Metrohm model No. 776), with volumes, temperature and pH recorded by 
a data logger (Datataker 50). 
 
Media at varying ionic strengths (M10, M20 and M40) and pH (M20 media pH 
1.0, 1.5, 2.0 and 2.5) were employed in the ‘pH static’ experiments.  The system was 
initiated at the time of inoculation (40 mL containing ca 2.5 x 1011 cells L-1) and a 
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sample was taken for cell counting before the addition of sulphur.  Sulphur was 
added (ca 0.25 g) and another reactor sample was taken for cell counting ca 2 hours 
after the substrate addition.  At the completion of the growth cycle, cell counts and 
chemical oxygen demand (COD) analyses were performed (Section 2.3.3). 
Air Inlet
Condenser 
maintained at 
10oC
Air Outlet
Jacketed vessel 
maintained at 
35oC
Automatic Titrator -
Metrohm 776 
Dosimat
Magnetic 
stirrer
Data logger -
Datataker 50
pH probe 
amplifier
Temperature 
probeNaOH 
inlet
Computer interface - 
DeTerminal
Air-tight lid
 
Figure 2.2:  Schematic representation of ‘pH static’ batch reactor 
  
Chapter 2  Materials and methods 
  
 
 
48  
 
2.3 Solution analyses 
 
2.3.1 Determination of HSO4- dissociation 
Dissociation of HSO4- was determined empirically by titration; and theoretically 
using vapour pressure osmometry.   
 
2.3.1.1 Empirical method 
An auto-titrator (Metrohm 776 dosimat) containing a standard NaOH solution and 
data logger (Datataker 50) was programmed to maintain the system at a desired pH.  
The system was set up in a jacketed vessel containing ca 850 mL of media, 
maintained at 35oC with constant stirring.  Media with varying ionic strengths (M00, 
M10, M20 and M40) and pH (M20 media at pH 1.0, 1.5, 2.0 and 2.5) were tested.  
Initial pH voltage of the media was measured and the computer interface 
(DeTerminal) set-point adjusted.  Standard additions of a known H2SO4 solution 
were made to the system and base was titrated until the set-point was reached.  The 
molar ratio of acid to base was plotted. 
 
2.3.1.2 Theoretical method 
Ionic strength was determined using a vapour pressure osmometer (Dampfdruk, 
Knauer 1974).  Vapour pressures were measured for a set of NaCl standards and 
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media using a distilled water reference.  A standard curve was prepared using the 
NaCl standards (I vs vapour pressure).   
 
2.3.1.2.1 Preparation of NaCl standards  
A set of NaCl standard solutions were prepared by dissolving known masses of 
NaCl into a known volume of distilled water.  Density was measured for each 
standard and the molality calculated.  Theoretical ionic strength (I) was estimated 
from the calculated molality using osmotic coefficients published by Partanen and 
Covington (2004) 79.  
 
2.3.1.2.2 Total SO4-2 and Na+ 
Total sulphate was determined gravimetrically by precipitation of BaSO4.  Known 
aliquots of the media were taken and reacted with an excess quantity of BaCl2 (1.06 
mol L-1).  Samples were heated at ca 70oC for 30 minutes before precipitate was 
collected on pre-weighed 0.45µm membranes and dried to constant weight in a 
vacuum desiccator at ambient temperature (ca 25oC).  Total sodium was calculated 
from the quantity of anhydrous Na2SO4 added to the medium.   
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2.3.2  Intermediate sulphur species 
The presence of intermediate and elemental sulphur species was detected using a 
cyanolysis procedure 106.  Solutions used in this procedure were altered slightly to 
allow for samples of low pH.  Residual sulphur species of oxidation states -2 to <6 
were determined in sulphur batch cultures.  Reactor liquor was tested on completing 
the growth cycle.  Distilled water was used as the blank.   
 
2.3.2.1 Preparation of cyanolysis solutions  
Three component solutions were required for cyanolysis.  A 10% w/v cyanide 
solution was prepared by dissolving 2.5 g of KCN in distilled water and diluting to 
25.0 mL.  Boric acid solution was prepared by dissolving 30 g of H3BO3 and 1.2 g of 
NaOH in distilled water and diluting to 1.00 L.  The Fe+3 solution was prepared by 
dissolving Fe(NO3)3 (5.0 g) in distilled water and adding 4 mL of 65 % v/v HNO3, 
before diluting to 100 mL.  
 
2.3.2.2 Detection of polythionate, polysulphide and elemental sulphur species  
An aliquot of boric acid (ca 50 mL) was boiled (ca 5 min) and a known volume of 
the sample and cyanide solution (0.5 mL) was added.  Boiling continued until the 
volume was reduced to 15-20 mL, before diluting to 25.0 mL using distilled water.  
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An aliquot (1.0 mL) was taken from each sample and mixed with 5.0 mL of the 
Fe+3 solution.  The presence of intermediate sulphur species was indicated by red 
iron thiocyanate complexes (e.g. Fe(SCN)3).   
 
2.3.3 Chemical oxygen demand (COD) analysis 
COD analyses were performed to detect and quantify the presence of reduced 
carbon species.  Blank solutions were prepared using distilled water.  Liquor samples 
were removed from the reactor and analysed directly.  COD analyses of soluble 
organic material were performed by filtering the liquor samples (0.45µm 
membrane).  A standard K2Cr2O7 solution (2.0 mL), concentrated H2SO4 (3.0 mL) 
and samples were mixed and heated in a dry block heater (Ratek) at 120 oC, for ca 
12-24 hrs.  Samples were cooled to room temperature before a back-titration was 
performed using a known (NH4)2Fe(SO4)2 solution.   
 
2.4 Cell number to mass ratio 
The ratio of mass to cell number for sulphur-oxidising bacteria was determined 
using a large-scale batch culture.  The batch culture was prepared by transferring 5 L 
of M00 medium into a conical flask, with 2.5 g of α-S8.  Inoculum was prepared 
from maintenance cultures.  An aquarium heater (300W; Tropix) was used to 
maintain reactor temperature at 35oC and a Teflon-coated magnet was used to 
provide continuous agitation.   
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On completing the growth cycle, the batch culture was filtered through a 
Whatmann no. 1 filter paper and cell counts were performed on the filtrate.  Known 
aliquots (750 mL) of the filtrate were taken and re-filtered using pre-weighed 0.45 
µm membranes.  Filter papers were dried to constant weight using a vacuum 
desiccator at ambient temperature (ca 25oC).   
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Chapter 3  Results and discussion 
 
3.1 Effect of environmental conditions on yield values 
Bacterial yields, YN, were defined in this study as a ratio of cell numbers formed, 
N, for a given amount of substrate oxidised.  Previous studies have shown that 
biomass produced by chemolithotrophic cells is present in a variety of organic forms; 
soluble material, cells, and insoluble non-cellular material 33, 38.  While the majority 
of biomass produced from CO2 reduction appears as cells, insoluble extracellular 
polymeric substance (EPS) has been reported 22, 33.  The presence of soluble material 
was attributed to cell lysis and bacterial exudates 107-109. 
 
It was possible to determine the total biomass (i.e. including cells, EPS and 
soluble material) using COD analyses.  This method enabled biomass to be 
calculated in terms of the ratio of equivalents of reduced carbon species present as 
cellular and non-cellular material.   
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Figure 3.1:  Graphical representation of the distribution of electrons used in the formation of biomass.   
 
Biomass was partitioned by filtration with 0.45μm membranes, enabling the 
separation of biomass into insoluble and soluble fractions.  It was assumed that the 
filtration step would remove the majority of insoluble particulates and bacteria.  
COD analyses were performed on filtered and liquor samples once the substrate was 
consumed completely.  These data were referred to as neCOD Filtered and neCOD Liquor for 
filtered and unfiltered samples, respectively.  The number of electrons consumed in 
cell formation (neCOD Cells) was calculated by subtracting neCOD Filtered from neCOD 
Liquor.  The ratio of 
neCOD Filtered
neCOD Liquor  was calculated to determine the proportion of non-
cellular material present at the end of each batch culture experiment.   
 
Masses of pure elemental orthorhombic sulphur and potassium tetrathionate were 
quantified gravimetrically.  It was assumed that substrate was oxidised completely 
during experiments.  Cyanolysis tests were conducted on completing each 
Insoluble cellular 
material (Cells) 
Soluble non-cellular 
material (Cell lysis, 
bacterial exudates) 
Insoluble non-
cellular material 
(EPS) 
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experiment to test this assumption 106.  The quantity of substrate utilised was 
expressed in terms of mass (g), moles of sulphur (mol (S)) and tetrathionate (mol 
(S4O6)).  Energetic yield (YE) was expressed as the ratio of electrons consumed in 
biomass production to the total number of electrons conserved from substrate 
oxidation.  When 1 mole of α-S8 and S4O6 are oxidised to SO4-2, 2 and 4 mole of 
electrons are conserved, respectively 84, 86, 87.   
 
3.1.1 Comparison of cell numbers and electron equivalents 
The link between COD (neCOD Filtered and neCOD Liquor) and visual cell counts (N) 
was examined quantitatively, assuming solid material retained by the filter was in the 
form of cells, represented as a constant molar ratio of the elements C, H, O and N, 
ignoring minor contributions from trace elements.  The number of cells per dry 
weight (N
m
, cells g-1) was determined by counting a cell suspension and filtering a 
large but known volume of this fluid.  Values for N
m
 were 4.4 ± 0.7× 1012 cells per 1 
gram of dried biomass.   
 
The percentage of elements, C, H, O and N, in dried biomass (% CHON) was 
determined by thermogravimetric methods where residual ash and water loss were 
subtracted from the initial weight.  The mass of residual ash was recorded after the 
final thermal event, which occurred at ca 640oC (Figures A1 and A2, Appendix A).  
Above this temperature, the mass of the sample steadily decreased until the 
completion of the run.  The reduction in mass was attributed to the presence of 
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inorganic sulphate species, which decompose at temperatures above 600oC.  The 
temperature of decomposition depends on the metal ion bound to the sulphate 110.  It 
was found that dried biomass contained 70.80 ± 0.02% of CHON (Table A1, 
Appendix A).  Other values for % CHON have been reported and these are presented 
in Table 1.3 (Section 1.3.3) 59, 63-65.  A conversion of cell numbers to mass of CHON 
(mCHON) was made using Equation 3.1: 
 
 mCHON = N
�
N
m
�
×  % CHON      3.1 
 
The number of electrons required to reduce CO2 to biomass containing 1 mole of 
carbon (C-mole) must be the same as the number of electrons produced when 1 C-
mole of biomass is oxidised back into its original constituents, CO2, NH3 and H+ 69 
(Equation 1.4, Section 1.3.3).  Values of RD were estimated from averaged ratios of 
H, O and N to C (CHaObNc) reported in Table 1.3 (Section 1.3.3) 56, 59, 61-67.   
 
In this study, the number of C-mole of CHON present in the mixed sulphur 
cultures was unknown and therefore direct comparisons to reported RD values could 
not be made.  However, it was possible to extract values for the ratio of molecular 
weight (MW) to RD (
MW
RD
) from published sources and compare this to empirical 
values of mCHON
neCOD Cells found in experiements and reported in Table 3.1.  Averaged 
MW, RD and MWRD  values were calculated from the accumulated literature values 
Chapter 3  Results and discussion 
  
 
57  
 
presented in Table 1.3 (Section 1.3.3) giving 24.14 ± 1.03 g C-mole-1, 4.41 ± 0.31 eq 
C-mole-1 and 5.47 ± 0.30 g eq-1, respectively.  Values of mCHON were estimated from 
visual reactor cell count data (N) and substituted into Equation 3.1 while values of 
neCOD Cells were determined by COD analyses.   
 
A comparison of mCHON
neCOD Cells values for cultures of varying pH, ionic strength and 
CO2 partial pressure was made (Table 3.1).  Large variations were observed between 
calculated mCHON
neCOD Cells values for replicates under different environmental conditions 
and therefore no definitive trend could be observed.  These discrepancies can in part 
be attributed to the uncertainty in neCOD Cells values arising from the subtraction of 
two similar quantities (neCOD Filtered and neCOD Liquor) each carrying a degree of 
uncertainty.   
 
An averaged value of mCHON
neCOD Cells of 5.66 ± 1.38 g eq-1 was calculated from Table 
3.1, which corresponds to published characteristics of bacterial species, where an 
averaged MW
RD
 value of 5.47 ± 0.30 g eq-1 was calculated (Table 1.3) 56, 59, 61-67.   
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Table 3.1: Estimates of the 𝐦𝐂𝐇𝐎𝐍
𝐧𝐞𝐂𝐎𝐃 𝐂𝐞𝐥𝐥𝐬 ratio are presented in the right hand column.  Empirical values of 𝐦𝐂𝐇𝐎𝐍𝐧𝐞𝐂𝐎𝐃 𝐂𝐞𝐥𝐥𝐬 were compared to the averaged literature value  𝐌𝐖𝐑𝐃  of 5.47 ± 
0.30 g eq-1.  This Table includes data from cultures grown in ‘shake flask’ and ‘gas sealed’ reactors. 
Substrate Batch reactor type PCO2 / 10-3 
(atm) 
pH I 
(mol L-1) 
mCHON / 10-3 
(g) 
neCOD Cells / 10-4 
(eq) 
𝐦𝐂𝐇𝐎𝐍
𝐧𝐞𝐂𝐎𝐃 𝐂𝐞𝐥𝐥𝐬 
(g eq-1) 
K2S4O6 Shake flask 0.39 1.0 0.16 1.17 ± 0.10 1.71 ± 0.49 7.25 ± 2.66 
0.39 2.0 0.19 1.38 ± 0.28 2.58 ± 0.21 5.40 ± 1.41 
0.39 3.0 0.16 1.91 ± 0.06 2.46 ± 0.06 7.75 ± 0.05 
0.39 2.0 0.11 1.24 ± 0.05 2.46 ± 0.51 5.18 ± 1.28 
0.39 2.0 0.34 1.73 ± 0.02 2.37 ± 0.37 7.50 ± 1.15 
K2S4O6 Gas sealed 3.9 2.0 0.19 1.05 ± 0.31 2.13 ± 0.19 4.86 ± 1.01 
5.7 2.0 0.19 0.820 ± 0.281 1.32 ± 0.15 6.18 ± 1.02 
7.4 2.0 0.19 1.12 ± 0.27 2.03 ± 0.05 5.06 ± 1.11 
13 2.0 0.19 0.620 ± 0.017 1.51 ± 0.11 4.11 ± 0.18 
α-S8 Shake flask 0.39 1.0 0.16 0.593 ± 0.069 0.914 ± 0.002 6.49 ± 0.77 
0.39 2.0 0.19 0.531 ± 0.266 1.37 ± 0.32 3.78 ± 1.34 
0.39 3.0 0.16 0.478 ± 0.530 1.59 ± 0.02 3.01 ± 0.30 
0.39 2.0 0.11 0.893 ± 0.184 1.40 ± 0.41 6.69 ± 2.08 
0.39 2.0 0.34 0.714 ± 0.830 1.20 ± 0.09 5.96 ± 0.25 
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3.1.2 Energetic yields of total biomass 
Energetic yield (YE) represents the fraction of electrons conserved from the 
oxidation of substrate to reduce CO2.  Assuming Kelly’s hypothesis is correct, the 
sole electron conserving step in the metabolism of sulphur species is the oxidation of 
SO3-2 to SO4-2 (Section 1.5.1.1).  This means that 2 and 4 mole of electrons will be 
conserved when 1 mole of elemental sulphur and S4O6-2 are oxidised to SO4-2, 
respectively (ΔneSubstrate).  The number of electrons residing in the total biomass 
(ΔneCOD Liquor) was determined empirically using COD analyses.  An estimate for YE 
was calculated using the ratio ∆neCOD Liquor
∆neSubstrate
.  Values for YE, ΔneCOD Liquor and 
ΔneSubstrate were determined for all batch culture experiments (Table 3.2).   
 
Table 3.2:  Impact of environmental conditions on energetic yield, YE.  The number of electrons 
residing in the total biomass and conserved during the oxidation of substrate were represented as 
ΔneCOD Liquor and ΔneSubstrate, respectively. 
Substrate pH I 
(mol L-1) 
ΔneCOD Liquor 
(meq) 
ΔneSubstrate 
(meq) 
YE 
α-S8 1.0 0.155 0.170 ± 0.017 1.19 0.143 ± 0.003 
2.0 0.191 0.208 ± 0.036 1.10 0.190 ± 0.033 
3.0 0.163 0.199 ± 0.001 1.16 0.172 ± 0.006 
2.0 0.110 0.204 ± 0.036 1.24 0.164 ± 0.024 
2.0 0.338 0.172 ± 0.029 1.09 0.158 ± 0.028 
S4O6-2 1.0 0.155 0.252 ± 0.002 1.90 0.132 ± 0.001 
2.0 0.191 0.359 ± 0.014 1.91 0.188 ± 0.008 
3.0 0.163 0.346 ± 0.003 1.89 0.182 ± 0.002 
2.0 0.110 0.344 ± 0.038 1.88 0.183 ± 0.020 
2.0 0.338 0.342 ± 0.037 1.90 0.180 ± 0.020 
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No statistically significant variation was observed between calculated YE values 
across the range of pH and ionic strength tested (Table 3.2).  The difference in YE 
values between α-S8 and S4O6-2 cultures was statistically insignificant, with 0.165 ± 
0.016 and 0.173 ± 0.021 obtained, respectively.  Consistency between YE values for 
the two sulphur substrates, confirms that the sole electron conserving step in the 
complete oxidation of sulphur species occurs during the oxidation of SO3-2 to SO4-2.  
Values of YE were also comparable to Kelly’s observations of the apparent 
efficiency of energy conservation, which ranged from 0.056 to 0.122 for 
chemolithotrophic bacteria grown on various reduced sulphur substrates 87.   
 
3.1.3 Influence of pH and ionic strength on bacterial yields 
As shown in Table 3.3, tetrathionate cultures were relatively unaffected by pH 
from 2.0 to 3.0.  At pH 1.0 there was a slight reduction in YN and when pH was less 
than 1.0, bacteria were inhibited completely with no bacterial reproduction or 
substrate oxidation observed (data from tetrathionate cultures initiated at pH 0.5 are 
presented in Table B1, Appendix B).  Soluble organics accounted for ca 30% of the 
total biomass found in the batch cultures and the ratio neCOD Filtered
neCOD Liquor  remained 
unchanged within the pH range examined, 1.0 < pH < 3.0.   
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Table 3.3:  Effect of pH and I on bacterial yields (YN) in tetrathionate and sulphur cultures.  
Media Tetrathionate Cultures (S4O6) Elemental Sulphur Cultures (α-S8) 
YN / 1012 
(cells mol-1 (S4O6)) 
𝐧𝐞𝐂𝐎𝐃 𝐅𝐢𝐥𝐭𝐞𝐫𝐞𝐝
𝐧𝐞𝐂𝐎𝐃 𝐋𝐢𝐪𝐮𝐨𝐫  YN / 1012 (cells mol-1 (S)) 
𝐧𝐞𝐂𝐎𝐃 𝐅𝐢𝐥𝐭𝐞𝐫𝐞𝐝
𝐧𝐞𝐂𝐎𝐃 𝐋𝐢𝐪𝐮𝐨𝐫  
pH 1.0 
I = 0.16 mol L-1 
3.0 ± 0.2 0.33 ± 0.14 4.9 ± 0.6 0.46 ± 0.04 
pH 2.0 
I = 0.19 mol L-1 9.2 ± 5.2 0.28 ± 0.03 5.9 ± 2.7 0.34 ± 0.09 
pH 3.0 
I = 0.16 mol L-1 5.0 ± 0.1 0.29 ± 0.02 6.1 ± 0.4 0.20 ± 0.01 
pH 2.0 
I = 0.11 mol L-1 15.7 ± 0.5 0.29 ± 0.05 8.8 ± 0.3 0.33 ± 0.06 
pH 2.0 
I = 0.34 mol L-1 22.3 ± 0.2 0.31 ± 0.02 8.0 ± 0.7 0.30 ± 0.05 
 
Figure 3.2:  Effect of pH on the number of electrons used in the formation of biomass (neCOD Liquor) 
and non-cellular material (neCOD Filtered) in S4O6-2 cultures. Averaged values were plotted (Error bars 
represent the standard deviation for that data set).  Experiments were conducted at atmospheric CO2 
partial pressures and initiated at ionic strengths of 0.155, 0.191 and 0.163 mol L-1 for media M10 
pH1.0, M20 pH2.0 and M20 pH3.0, respectively. 
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Decreasing pH from 2.0 to 1.0 had a significant effect on the total biomass 
present in the system, with this related to a reduction in cell number (Figure 3.2).  
Values of neCOD Filtered remained relatively stable across the pH range examined.   
 
 
Figure 3.3:  Effect of pH on the number of electrons used in the formation of biomass (neCOD Liquor) 
and non-cellular material (neCOD Filtered) in α-S8 cultures. Averaged values were plotted (Error bars 
represent the standard deviation for that data set).  Experiments were conducted at atmospheric CO2 
partial pressures and initiated at ionic strengths of 0.155, 0.191 and 0.163 mol L-1 for media M10 
pH1.0, M20 pH2.0 and M20 pH3.0, respectively. 
 
Elemental sulphur cultures showed a slight decrease in YN as pH decreased (Table 
3.3).  Values of neCOD Liquor also decreased slightly with pH, however the quantity of 
soluble organics present in the system increased (Figure 3.3).   As a result, the ratio 
neCOD Filtered
neCOD Liquor  decreased significantly from 0.46 to 0.20, when pH was increased from 
1.0 to 3.0 (Table 3.3). 
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Using additions of solid Na2SO4, media ionic strength was adjusted over the range 
0.11 to 0.34 mol L-1 ([Na2SO4] = 10 - 40 g L-1), with pH adjusted to 2.0 using 
H2SO4.  No significant effect was observed on N, neCOD Liquor and neCOD Filtered when 
either substrate was used (Figure 3.4 and 3.5).  The ratio of neCOD Filtered
neCOD Liquor  also 
remained steady with the number of electrons associated with total biomass and non-
cellular material remaining unchanged (Table 3.3).   
 
 
Figure 3.4:  Effect of I on the number of electrons used in the formation of biomass (neCOD Liquor) and 
non-cellular material (neCOD Filtered) in S4O6-2 cultures. Averaged values were plotted (Error bars 
represent the standard deviation for that data set).  Experiments were initiated at atmospheric CO2 
partial pressures and a pH of 2.0. 
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Figure 3.5:  Effect of I on the number of electrons used in the formation of biomass (neCOD Liquor) and 
non-cellular material (neCOD Filtered) in α-S8 cultures. Averaged values were plotted (Error bars 
represent the standard deviation for that data set).  Experiments were initiated at atmospheric CO2 
partial pressures and a pH of 2.0. 
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effect of pH on starving bacteria, reporting a significant increase in cell death rates at 
higher proton activities 111, 112.  In this study, the proton activity, aH+ changes a 
hundred-fold over the range 1.0 < pH < 3.0.   
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(S), respectively (Table 3.3).  The YN values observed in tetrathionate batch 
experiments correspond most closely to data published by Shiers 49, which reported 
YN values of ca 1.8 × 1013 cells mol-1 (S4O6-2).  Values reported by Eccelston et 
Kelly (ca 4.5 and 5.2 × 1013 cells mol-1 (S4O6-2)) 47, Hazeu et al. (ca 3.0 and 6.5 × 
1013 cells mol-1 (S4O6-2)) 14 and Mason et Kelly (ca 3.6 and 7.8 × 1013 cells mol-1 
(S4O6-2)) 48 for pure chemolithotrophic cultures grown on tetrathionate were 
significantly higher than observed in this study (Table 1.2).   
 
 
  
Chapter 3  Results and discussion 
  
 
66  
 
3.2 The influence of CO2 partial pressure on bacterial growth 
 
3.2.1 Diffusional losses of CO2 
The effect of CO2 partial pressure on bacterial growth was examined in a closed 
reactor system using tetrathionate as the substrate (Figure 2.1, Section 2.2.2).  The 
apparatus was assembled using PVC plastic piping and connections.  It became 
apparent after preliminary tests that CO2 leakage from the reactor apparatus was 
significant.  Diffusion of CO2 from the system was examined in uninoculated 
experiments over the CO2 partial pressure range 3.9 × 10-3 to 1.3 × 10-2 atm ([CO2] = 
0.15 to 0.51 mol m-3).   
 
Fick’s law is applicable to flat barriers of area, A (m2), with a diffusion constant 
of CO2 through the barrier material, DCO2 (m2 s-1) 113.  Loss of CO2 from a reactor 
where the diffusion area is constant, but unknown, should obey Fick’s law of 
diffusion.   
 
J (Flux; mol s-1) = G (mol m-4) × Ad (m2) × DCO2 (m2 s-1)  3.2 
 
The partial pressure gradient, G, is expressed as the difference in partial pressure 
between the inside and outside of the apparatus ([CO2]; mol m-3) divided by the 
barrier thickness (d; m).  Assuming that Ad, DCO2 and d are constant for the 
apparatus then they can be combined and expressed as a constant, ka.   
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A𝑑 × DCO2
d
= ka (m3s−1)      3.3 
 
Equation 3.3 was substituted into 3.2 to give: 
 
J (mol s-1) = ka (m3 s-1) × [CO2] (mol m-3)    3.4 
 
Partial pressures of CO2 were measured over time ([CO2]t), using a CO2 analyser, 
at different initial CO2 partial pressures ([CO2]i).  Since J and [CO2] are dependent 
on time, Equation 3.4 was integrated giving a first-order rate Equation. 
 
 ln [CO2]i[CO2]t = kCO2t       3.5 
 
The rate constant, kCO2 (h-1), was given by the gradient of data plotted as ln [CO2]i[CO2]t against t.  An averaged kCO2 value of 1.69 × 10-3 h-1 was obtained (Table C1, 
Appendix C).   
 
The proportion of CO2 and O2 dissolved in solution and remaining in the 
headspace depends on the relative volumes of media and headspace in the reactor.  
Uptake of gas into acidified media at 35 oC was calculated using the Henry’s law 
constants 3.4 × 10-2 and 1.3 × 10-3 mol L-1 atm-1 for CO2 and O2, respectively 114.  
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The overall volume of media used in each experiment was minimised (ca 25.0 mL) 
to reduce the proportion of CO2 and O2 dissolved in the media.  Compared to the 
errors associated with CO2 diffusion and bacterial uptake, it was found that the 
solubility of CO2 and O2 was negligible and could be disregarded during calculations 
(Table D1, Appendix D).   
 
3.2.2  Determination of CO2 sequestered for biomass formation 
The uptake of CO2 for biomass formation was calculated from headspace 
measurements at the beginning and end of each experiment.  Losses of CO2 caused 
by diffusion were estimated using the averaged kCO2 value.  Estimates of CO2 lost 
from the system were subtracted from the total CO2 change giving a total amount of 
CO2 sequestered to produce biomass (nCO2) (Table E1, Appendix E).  The quantity of 
CO2 lost through diffusion proved to be significant, which increased the uncertainty 
associated with values of nCO2.   
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Table 3.4:  Comparison of the number of C-moles calculated from COD analyses (nCOD Cells and nCOD 
Liquor) and total CO2 sequestered (nCO2).  Bacterial parameters presented in Table 1.3 (Section 1.3.3) 
were used to calculate nCOD Cells and nCOD Liquor in terms of C-mole. 
[CO2] i 
(mol m-3) 
nCOD Cells 
(µC-mol) 
nCOD Liquor 
(µC-mol) 
nCO2 
(µC-mol) 
0.15 33.8 45.3 67.4 
40.6 52.7 52.4 
38.0 41.8 74.8 
0.23 21.4 28.1 46.1 
25.1 31.1 53.0 
0.29 36.4 61.2 70.5 
35.1 42.0 90.3 
0.51 25.2 32.9 55.5 
27.9 38.5 32.5 
 
A correlation between the biological uptake of CO2 (nCO2) and number of 
electrons associated with biomass formation (nCOD Liquor) was expected.  The 
comparison was made using averaged bacterial parameters, MW and RD, presented 
in Table 1.3 (Section 1.3.3), to convert nCOD Cells and nCOD Liquor into C-mole units.  It 
was assumed that values of MW and RD for soluble and EPS material were similar to 
those observed for bacteria.  Values of nCO2 and nCOD Liquor varied significantly for the 
majority of experiments conducted (Table 3.4).  Discrepancies were caused by 
technical limitations of the apparatus, with significant CO2 diffusion compared to 
biological uptake observed (Table E1, Appendix E).   
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Given the variation between replicates, values of nCOD Cells, nCOD Liquor and nCO2 
remained relatively constant within the range of CO2 partial pressures examined, 7.2 
× 10-4 < PCO2 < 1.5 × 10-3 atm.  It was not possible to definitively examine the effect 
of CO2 supplementation on the formation of biomass due to these large variations in 
data.  
 
3.2.3 Redox balance 
Another measure for the consistency of these data was provided by a redox 
balance where it was assumed that the combined number of electrons utilised to 
reduce CO2 and O2 would correspond exactly with the quantity generated by the 
oxidation of tetrathionate (Section 1.3.2).  In Figure 3.6, the electron equivalents 
associated with reducing and oxidising reactions were calculated for each 
experiment, with % differences ranging from 1 to 12%.   
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Figure 3.6:  The total number of electrons associated with the reduction of CO2 (neCO2) and O2 (neO2) 
was compared to the electrons generated from the oxidation of tetrathionate (neOx).   
 
Approximately 90% of electrons generated from the oxidation of tetrathionate 
were used in O2 reduction, with a comparatively small number of electrons used in 
the fixation of CO2.  Variations in CO2 fixation caused by increasing CO2 partial 
pressures were insignificant compared to the overall number of electrons consumed 
during O2 reduction and were not reflected in the redox balance.   
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the addition of standard NaOH solution.  A background of Na2SO4 (10 to 40 g L-1) 
was used in media to maintain a constant ionic strength, with the concentration of 
NaOH titrant also adjusted to minimise changes caused by additions.  The rate and 
amount of base added to neutralise the formation of sulphuric acid at a particular pH, 
was a function of the rate and amount of sulphur oxidised.  This relationship was 
investigated using a proton balance.   
 
3.3.1 The proton balance 
For every 1 mole of elemental sulphur oxidised, 2 moles of protons are generated 
(Equation 1.1, Section 1.2), however the number of protons that must be neutralised 
by the addition of NaOH to maintain a constant pH depends on a number of 
variables.  The number of protons generated during sulphur oxidation was compared 
with the number of protons sequestered in the formation of biomass; protons 
associated with sulphuric acid and protons neutralised through base additions.  This 
proton balance is described in Equation 3.6.   
 
      =        +   +            3.6 
 
 
 
Total number of 
protons generated 
from S oxidation  
(HT) 
Protons consumed 
in biomass 
production 
(HBio) 
Protons neutralised 
by base additions 
(H1+x) 
Protons 
dissociated from 
H2SO4 
(Hx) 
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A number of assumptions must be made when calculating the proton balance in 
this experimental system:   
1. All sulphur initially present was completely oxidised to H2SO4 by the 
conclusion of the experiment (Equation 1.1, Section 1.2).   
2. The number of protons consumed in the formation of biomass could be found 
from the chemical Equation 1.4 (Section 1.3.3). 
3. Ratio of protons dissociated from each mole of H2SO4 produced by the 
oxidation of sulphur remains constant during each experiment because pH 
and ionic strength remain constant.  A number of assumptions arise in the 
estimation of that ratio. 
4. The pH probe signal accurately reflects the proton activity.   
 
Examining assumptions 1 and 2 was relatively simple compared to assumptions 3 
and 4.  Assumptions 1 and 2 are discussed in the following paragraphs.  The third 
assumption will be discussed in section 3.3.1.1. The fourth assumption will be 
discussed in sections 3.3.1.2 and 3.3.1.3. 
 
Assumption 1 requires confirmation because the incomplete oxidation of sulphur 
means that values of HT (Equation 3.6) are not known.  Using a cyanolysis analysis it 
was possible to confirm that no intermediate sulphur species were present at 
detectable levels once each growth cycle was complete 106.   
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The number of protons consumed in biomass formation (HBio) was estimated from 
COD analyses of the reactor liquor at the end of each experiment.  The number of 
electrons required to generate 1 C-mole of biomass must be the same as the number 
of electrons released when this biomass is reduced into its original constituents, CO2, 
NH3 and H2O.  Assuming that biomass produced by this culture corresponds to 
published ratios of H, O and N to C (Table 1.3, Section 1.3.3), the reduction of 1 C-
mole of CO2 would require 4.17 moles of protons to be sequestered and consume 
4.37 moles of electrons 115.  Combining data from the COD analysis and averaged 
literature values for RD and CHaObNc, an estimate of HBio was calculated.  HBio was 
found to be a minor component in the proton balance, with values obtained a factor 
of 10 less than values of H1+x.   
 
3.3.1.1 Proton dissociation 
In the range 1.0 < pH < 2.5, H2SO4 produced by the oxidation of sulphur is not 
completely dissociated (Section 1.4.2).  At a constant pH and ionic strength however, 
the ratios of aSO4−2
aHSO4
−
 and 
C
SO4
−2
CHSO4
−
 will remain unchanged and can be determined for the 
system.  The value of 1+x (Section 1.4.2.1) was determined empirically and 
theoretically for media maintained at different pH and ionic strength.  At pH values 
of 2.0 and above and varying ionic strength, empirical and theoretical values of 1+x 
corresponded closely (Table 3.5).  Values of 1+x did not change significantly over 
the range of ionic strength examined.  
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Table 3.5:  Averaged proton dissociation values for 1+x from theoretical and empirical methods 
(Appendix F).  
Media Type Theoretical 1+ x Empirical 1+ x 
M10 - pH 2.0 1.77 1.75 
M20 - pH 2.0 1.83 1.79 
M40 - pH 2.0 1.79 1.78 
M20 - pH 2.5 1.85 1.80 
M20 - pH 1.5 1.24 1.53 
M20 - pH 1.0 1.30 0.75 
 
At pH values 1.0 and 1.5, empirical and theoretical values of 1+x deviate 
significantly.  Empirical values calculated for pH 1.0 show x = -0.25, indicating that 
the first proton only partially dissociates from H2SO4.  Empirical determinations of 
1+x values at pH 1.5 showed that x > 0 and the first proton was dissociated 
completely.  Agreement of empirical and theoretical 1+x values at pH 1.5 was better 
however this variance between methods estimating the same variable requires further 
study.   
 
3.3.1.2 Effect of light and temperature on pH measurements  
The reliability of H1+x values depends on the assumption that the pH probe 
response accurately reflects the proton activity, aH+.  The probe signal was examined 
by immersing the electrode in uninoculated media with no sulphur, maintained at 
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35oC over several days.  These data (Figure 3.7) showed that the signal from the pH 
probe followed two distinct trends.  The first trend was a continual decrease of ca 0.3 
mV day-1 in the average potential.  The second was a diurnal trend, resulting in 
oscillations of ca 2 mV, between day and night, with the potential decreasing during 
the day.   
 
 
Figure 3.7:  Monitoring pH probe response to reactor and laboratory temperatures; immersed in 
uninoculated M20 - pH2.0 media maintained at 35oC. 
 
Given that the pH probe in the reactor was maintained under constant conditions, 
the first trend must be caused by variations in the conditions within the probe.  
Commercial pH probes consist of an internal and external Ag/AgCl reference 
electrode (Figure 3.8) 116-118.  The cathodic, internal reference is sealed within the 
electrode, containing a KCl electrolyte prepared according to manufacturer standards 
119.  The anodic, external reference is contained in the outer section of the probe, 
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where a saturated solution of KCl was used as the electrolyte.  Electrolyte contained 
in the external reference makes contact with the bulk solution through a glass frit and 
therefore exchanges ions across the liquid junction barrier.   
 
Internal Ag/AgCl 
reference electrodes
External Ag/AgCl 
reference electrodes
 
Figure 3.8:  Schematic of a commercial pH probe 
 
Since the probe is continually immersed in experimental medium during a batch 
experiment, some change in the outer electrolyte concentration is expected over 
time.  The effect that diluting the external electrolyte solution has on probe response, 
EMeasured, can be calculated using Equation 3.7 116, 117.   
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EMeasured = EC + Ej/m - EA      3.7 
 
Assuming the cathodic internal reference potential (EC) and the glass junction 
potential (Ej/m) remain constant (defined as KC) Equation 3.7 can be readjusted to 
give Equation 3.8, where the anodic external reference potential, EA = 
RT
nF
ln 1
aCl−
 116, 
117. 
 
 EMeasured = KC − RTnF ln 1aCl−      3.8 
 
Assuming that the diffusion of Cl- from the glass frit affects the overall pH probe 
potential, a decrease of ca 0.3 mV day-1 should correspond with a reduction in the 
outer electrolyte aCl− of ca 0.04 mol L-1 day-1.  The overall drift observed in Figure 
3.7, gradually decreased during the ca 10 day period indicating a reduction in Cl- 
diffusion.  This observation is consistent with the assumption that Cl- diffusion is 
affecting the pH probe potential, since the chloride concentration gradient between 
the outer electrolyte and bulk solution will decrease over time.   
 
The diurnal pattern observed in Figure 3.7 was assumed to be caused by either 
temperature or light changes.  Effect of temperature was examined by immersing the 
pH probe in media and recording variations in pH as the temperature was increased 
from 34.5 to 38 oC.  The probe’s response to temperature was found to be linear with 
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a R2 of 0.992 (Figure 3.9) and a gradient of 1.17 mV oC-1 observed.  This sensitivity 
was significantly greater than the specified response provided by the probe 
manufacturer of 0.199 mV oC-1 119.  Considering temperature response data, diurnal 
temperature variations could not produce the diurnal patterns observed in Figure 3.7.  
 
 
Figure 3.9:  Response of Ionide IJ44C pH probe with respect to temperature. 
 
The effect of light on the pH probe response was examined by immersing two pH 
probes in a H2SO4 buffer solution (Solution A) and periodically exposing the system 
to UV-light.  Probe 1 was coated in a single layer of Teflon tape, probe 2 was left 
unprotected.  Changes in pH were monitored as the entire system was illuminated 
with UV-light (Figure 3.10).   
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UV-light had a significant impact on the potential of the pH probe, with probes 1 
and 2 recording decreases of ca 0.3 mV h-1and ca 1 mV h-1, respectively.  A second 
layer of Teflon tape was wrapped around probe 1 and the system was again exposed 
to UV-light.  The effect of UV-light was negligible when probe 1 was coated with a 
second layer of Teflon tape.   
 
 
Figure 3.10:  Effect of UV-light on Ionide IJ44C pH probes.  Probe 1 was coated with a varying 
thickness of Teflon tape.  Probe 2 was not coated in Teflon. 
 
Sealing the reactor apparatus completely from light made it difficult to observe 
the experiment and take reactor samples.  Covering the pH probes with 2 - 3 layers 
of Teflon tape for the duration of the experiments largely resolved the diurnal 
variation.  As the experiment progressed however, the diurnal pattern became more 
evident.  This was attributed to the gradual leaching of TiO2 from the tape caused by 
244.5
244.8
245.1
245.4
245.7
246.0
144 145 146 147 148 149
pH
 (m
V
) 
Time (h)  
pH probe 1
pH probe 2
Long wave UV-
light on 
UV-light off 
 
Probe 1-  
wrapped with 
second teflon 
tape layer 
Probe 1- 
wrapped with 
single teflon 
tape layer 
UV-light off 
 
Chapter 3  Results and discussion 
  
 
81  
 
the acidic experimental media, which reduced the capacity of the tape to obstruct 
UV-light.  To minimise this problem, new tape was applied to the pH probe before 
each batch experiment.   
 
3.3.1.3 Effect of ‘drift’ on pH measurements 
Media used in this kinetic study ranged from 1.0 ≤ pH ≤ 2.5.  A drift of ca 0.3 mV 
day-1 was observed when the pH probe was immersed in media.  The reduction in 
potential of 0.3 mV for a pH probe immersed in media at pH 1.0 and 2.0 will 
correspond to a hundred-fold difference in aH+ (0.5 and 5.0 × 10-3 mol L-1 
respectively).  The reduced sensitivity of pH probes at low pH means that when 
sulphur is oxidised, the number of protons unaccounted for will increase 
logarithmically with decreasing pH.  Additionally, the drift observed over the 
duration of an experiment does not remain consistent and this will further increase 
the uncertainty associated with pH measurements for systems at low pH (Figure 3.7). 
 
Figure 3.11 shows data typical of an experiment in media at pH ≥ 1.5.  As the 
experiment progressed, the diurnal pattern became more evident, however 
oscillations are not as significant as for the uncovered pH probe (Figures 3.7 and 
3.10).  At pH 1.0, the pH probe signal remained relatively stable until the substrate 
was consumed (Figure 3.12).  During this period (0 - 180 h) the production of 
protons did not offset the drift and the signal did not reach the set-point resulting in 
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no base additions.  After the substrate had been oxidised (t > 180 h) the probe drift 
was ca 0.5 mV day-1.   
 
 
Figure 3.11:  Base additions data superimposed with pH probe responses for a pH 2.0 - M20 batch 
culture experiment. 
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Figure 3.12:  Data from a batch culture initiated at pH 1.0. 
 
The drift observed in Figure 3.12 shows the lower practical limits of the pH set-
point with the available probes.  At pH < 1.5, the number of protons unaccounted for 
due to the 0.3 mV drift was too significant and assumption 4 could not hold.  
Selecting a pH probe capable of providing a drift less than 0.3 mV day-1 would be 
technically challenging due to the cause of the drift.  Increasing the quantity of 
sulphur used was also considered, however this would result in further technical 
limitations and was not investigated.   
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3.3.1.4 Proton balance determination 
The proton balance was calculated for batch culture experiments using Equation 
3.9, where HT was compared with the sum of empirical values, HBio, H1+x and Hx.  A 
graphical representation of the proton balance for a series of batch culture 
experiments conducted at varying pH (Figure 3.13) and ionic strength (Figure 3.14) 
were constructed.  Values of HT correspond closely to the sum of HBio, H1+x and Hx 
at pH ≥ 1.5 and 0.11 < I < 0.34 mol L-1.  This indicates the reliability of the ‘pH 
static’ system to examine the rate of sulphur oxidation for experiments initiated 
above pH 1.5.  At pH 1.0, drift in the pH probe response obscured the detection of 
sulphuric acid formation and no base additions were made.  The sum of empirical 
variables HBio, H1+x and Hx deviated significantly from HT.   
 
 
Figure 3.13:  Proton balance of kinetic experiments maintained at pH 1.0 to 2.5 (Error bars represent 
the standard deviation for that set of data). 
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Figure 3.14:  Proton balance of kinetic experiments maintained at pH 2.0 with varied I (Error bars 
represent the standard deviation for that set of data). 
 
3.3.2 Sulphur oxidation kinetics 
The rate and extent of sulphur oxidation was calculated using NaOH additions 
data (H1+x).  From Equation 3.6, H1+x is approximately proportional to HT because 
the term, 1+x, is constant throughout each ‘pH static’ experiment while the term HBio 
is relatively small compared with H1+x.  Proportionality between HT and H1+x was 
estimated for each set of experimental conditions giving Equation 3.9, where y is 
constant.   
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The fraction of sulphur oxidised (α) at any time (t) during an experiment was 
determined using Equation 3.10: 
 
α = mS (t)
mS (Total)        3.10 
 
Where mS (t) refers to the quantity of sulphur oxidised at a specific point in time 
and mS (Total) refers to the total amount of sulphur added to the system at the 
beginning of the experiment.  Values of mS (t) were calculated using Equation 3.11. 
 
 mS (t) = MS H1+xCNaOH 1+x       3.11 
 
Where MS is the molecular weight of elemental sulphur and CNaOH is the 
concentration of NaOH used to neutralise the formation of H2SO4. 
 
3.3.2.1 Sulphur oxidation rate constants, k 
Two particle dissolution models were used to extract kinetic data from the values 
of α generated in each experiment 72, 73, 120.  Both shrinking sphere ‘reaction 
controlled’ and ‘thin film diffusion controlled’ models assume the reaction involves 
ideal spherical particles 64.  The shrinking sphere ‘reaction controlled’ model 
describes the rate of particle dissolution for a chemically-limited reaction, predicting 
values for the rate constant (k) of the reaction.  The ‘thin film diffusion controlled’ 
model describes particle dissolution for a diffusion-limited system where a thin film 
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of constant thickness surrounds the particle.  This model yields a diffusion constant 
(DO2) of the limiting reagent in the thin film.  The linearity of these models is shown 
in Table 3.6.   
 
The ability of ‘thin film diffusion controlled’ and ‘reaction controlled’ models to fit 
experimental data was examined by subtracting regression values R2(TFDC) from 
R2(RC) (Appendix H).  Although there was not a strong correlation between these 
models, it does appear that higher R2 values were obtained when data was fitted to 
the shrinking sphere ‘reaction controlled’ model, indicating that the reaction kinetics 
were chemically limited.  These observations do not discount the presence of a 
biofilm surrounding the sulphur surface however they do indicate that the reaction 
rate is not limited by O2 diffusion through that biofilm.   
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Table 3.6:  Empirical data fitted to shrinking sphere ‘reaction controlled’ and ‘thin film diffusion 
controlled’ models (Appendix H).  Models were compared using calculated values of R2(RC) - R2(TFDC). 
pH I 
(mol L-1) 
PCO2 
(% v/v) 
Shrinking Sphere Model 
(Reaction Controlled) 
Shrinking Sphere Model 
(Thin Film Diffusion Controlled) 
R2(RC) - R2(TFDC) 
R2(RC) k / 10-2 
(m h-1) 
R2(TFDC) DO2 / 10-7 
(m2 h-1) 
 
2.5 0.18 0.039 0.975 5.34 0.999 5.28 - 0.024 
0.944 2.18 0.933 3.11 + 0.011 
1.5 0.22 0.039 0.890 1.06 0.882 1.56 + 0.008 
0.944 3.87 0.924 3.98 + 0.020 
2.0 0.11 0.039 0.954 1.45 0.949 2.28 + 0.005 
0.948 1.98 0.942 3.08 + 0.006 
2.0 0.34 0.039 0.985 3.00 0.972 3.68 + 0.013 
0.993 2.02 0.994 2.82 - 0.001 
2.0 0.19 0.039 0.968 1.82 0.961 2.61 + 0.007 
0.905 1.12 0.897 1.72 + 0.008 
0.864 1.26 0.852 1.87 + 0.012 
0.847 2.23 0.832 3.32 + 0.015 
0.978 0.88 0.973 1.03 + 0.005 
0.984 0.96 0.978 1.04 + 0.006 
0.985 1.01 0.978 1.08 + 0.007 
0.969 1.19 0.954 1.59 + 0.015 
2.0 0.19 0.48 0.839 0.55 0.830 0.869 + 0.009 
0.960 1.82 0.947 2.21 + 0.013 
2.0 0.19 1.2 0.948 1.00 0.938 1.48 + 0.010 
0.932 2.03 0.895 2.44 + 0.037 
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3.3.2.2 Influence of environmental conditions on the rate constant, k 
Changes in the rate constant, k, indicate that there is a variation in the extent of 
catalysis occurring in the sulphur oxidation reaction (Section 1.4).  Since cells 
catalyse this reaction, observed k values must reflect variations in the number of 
cells attached to the sulphur surface or the specific cellular metabolic rates of sulphur 
oxidation.  The effects of pH, ionic strength and CO2 partial pressure on k values 
were examined.   
 
Increasing pH from 1.5 to 2.0 had no significant effect on average k values.  
When pH was increased further from 2.0 to 2.5 the k value trended upwards from 1.7 
to 3.8 m h-1 (Figure 3.15).  Assuming that the coverage of the sulphur surface by 
bacteria had not changed over the range 1.5 < pH < 2.5, increases in k must be as a 
result of increased specific metabolic rates.   
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Figure 3.15:  Effect of pH on rate constant, k, in α-S8 cultures. Averaged values were plotted (Error 
bars represent the standard deviation for that data set).  Experiments were conducted at atmospheric 
CO2 partial pressure and constant ionic strengths of 0.219, 0.191 and 0.176 mol L-1 for media M20 
pH1.5, M20 pH2.0 and M20 pH2.5, respectively. 
 
  
Figure 3.16:  Effect of increased ionic strength (I) on rate constant, k, in α-S8 cultures. Averaged 
values were plotted (Error bars represent the standard deviation for that data set).  All media was 
maintained at pH 2.0 and CO2 partial pressure was constant.   
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At a constant pH of 2.0, increasing ionic strength from 0.11 to 0.34 mol L-1 
caused averaged k values to increase from 1.7 to 2.5 m h-1 (Figure 3.15). 
 
  
Figure 3.17:  Effect of increased CO2 partial pressures (PCO2) on rate constant, k, in α-S8 cultures. 
Averaged values were plotted (Error bars represent the standard deviation for that data set).  M20 
pH2.0 media was used for all experiments.   
 
This study showed that increasing CO2 partial pressures from 0.039 - 1.2% v/v 
had no significant effect on k values (Figure 3.17).   
 
Although values of k vary between replicates, trends of behaviour were observed 
as pH and ionic strength were varied.  When pH and ionic strength were increased k 
values also increased, indicating that the rate determining step must be under the 
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Previous studies by Rohwerder 21, 86, examined metabolic processes involved in 
sulphur-oxidising bacteria, with the presence of a membrane-bound protein 
containing a thiol functional group (R-SH) postulated.  These proteins are used to 
transfer elemental sulphur and sulphide species through the outer membrane, to the 
metabolic chain and are therefore exposed to the bulk solution.  Changes in pH will 
affect the ratio of R-S- to R-SH, with the extent depending on its acid dissociation 
constant (pKa).  A wide variety of pKa values have been published for compounds 
containing thiol functional groups, including thioacetic acid and glutathione, which 
have pKa values of 3.62 and 8.7 121, respectively.  The significance that changes in 
pH will have on bacterial activity will depend on pKa and the active species (R-SH 
or R-S-) involved in the metabolic step.  As pH decreases, the activity ratio, aR−S
−
aR−SH
, 
will favour the undissociated molecule, R-SH, and vice versa.   
 
Another possible explanation for the effect of pH may be attributed to changes in 
the cell wall.  Although very little research has been done on the membrane structure 
of acidophilic sulphur-oxidising bacteria, alkaphilic sulphur-oxidising bacteria have 
been examined 9, 12.  Clejan and Krulwich 12 found that by decreasing pH, the 
permeability of the cell membrane decreased substantially, with the extent depending 
on the species analysed.  A reduction in the membrane permeability reduces the 
passive or enzyme mediated transfer of protons and other species across the cell wall 
and assists in maintaining the cell’s homeostasis.  This reduced permeability 
interferes with the transport of species through the cell membrane and inhibits 
bacterial activity. 
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The effect of ionic strength can be described by the ‘kinetic salt effect’ 93.  This 
refers to the influence of spectator ions on charged species undergoing reaction.  
Reaction rates will change depending on the charges of reacting species in the rate 
determining step.  If the reacting species are oppositely charged, increasing ionic 
strength will decrease the reaction rate by reducing the attractive forces between the 
two species.  In instances where species are similarly charged, increasing ionic 
strength reduces the repulsive forces and the reaction rate increases.  Since k 
increases with increasing ionic strengths, it can be assumed that the rate determining 
step must be exposed to the solution and involve two species of similar charge.   
 
3.3.2.3 Maximum rates of sulphur oxidation  
Using k values determined from the shrinking particle model, a rate expression 
was derived for the oxidation of sulphur, assuming the reaction rate was first-order 
with respect to the surface area of sulphur (SAO) (Equation 3.12).  Sulphur oxidation 
was also assumed to be dependent on the concentration of oxygen in solution ([O2]) 
with the rate order of this variable (a) determined empirically.   
 
 dS
dt
= k[O2]𝑎. SAO       3.12 
 
A polynomial function was fitted to the H1+x vs time data and differentiated to 
calculate the maximum rate of NaOH added to the system (dOHmax
dt
).  Using values of 
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1+x and dOHmax
dt
, maximum rates of sulphur oxidation, dSmax
dt
, were calculated 
assuming Hx remained constant and also that HBio was insignificant compared with 
H1+x (Figures 3.13 and 3.14) and could be excluded. 
 
Table 3.7:  Maximum rates of sulphur oxidation calculated from base additions (Appendix H).   
pH I 
(mol L-1) 
PCO2 
(% v/v) 
𝐝𝐎𝐇𝐦𝐚𝐱
𝐝𝐭
 
(mmol h-1) 
𝐝𝐒𝐦𝐚𝐱
𝐝𝐭
 
(mmol h-1) 
2.5 0.18 0.039 0.174 ± 0.009 0.097 ± 0.005 
1.5 0.22 0.039 0.185 ± 0.045 0.121 ± 0.029 
2.0 0.11 0.039 0.157 ± 0.020 0.090 ± 0.011 
2.0 0.34 0.039 0.106 ± 0.004 0.059 ± 0.004 
2.0 0.19 0.039 0.153 ± 0.045 0.086 ± 0.025 
2.0 0.19 0.48 0.258 ± 0.095 0.144 ± 0.053 
2.0 0.19 1.2 0.194 ± 0.071 0.108 ± 0.040 
 
The effect of pH on dSmax
dt
 values was insignificant, with 0.121 ± 0.029 and 0.097 
± 0.005 mmol h-1 observed for pH 1.5 and 2.5 cultures, respectively.  Increasing CO2 
partial pressures from 0.039 to 1.2 % v/v also had negligible effects on dSmax
dt
 given 
the uncertainty associated with those data.   
 
Increasing ionic strength from 0.19 to 0.34 mol L-1 (141 and 282 mmol L-1 of 
Na2SO4 was used, respectively) significantly reduced the maximum rate of sulphur 
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oxidation.  These observations correspond with published data from Suzuki, where 
Na2SO4 concentrations over 50 mmol L-1 decreased the rate of sulphur oxidation 81.  
Since the rate constant, k, increased with increasing ionic strength, this was 
unexpected.  A possible explanation for the reduction in dSmax
dt
, was the affect that 
increasing ionic strength had on the solubility of O2 within the bulk solution.   
 
3.3.2.4 Order of reaction with respect to [O2] 
Assuming [O2] remains constant during each experiment, the sulphur surface is 
completely covered by bacteria and dSmax
dt
 occurs when SAO is equivalent to the initial 
sulphur surface area; values of the rate order (a) can be determined by rearranging 
Equation 3.12.  The solubility of O2 varies according to the ionic strength of the 
solution 122, 123.  The Sechenov Equation was used to calculate the solubility of O2 
within media used in this study (assuming an O2 partial pressure of 0.21 atm) (Table 
3.8) 124.  Approximately the same mass of sulphur was used in each ‘pH static’ 
experiment, with SAO calculated to be ca 0.0492 m2.  Values of k were obtained from 
the shrinking sphere ‘reaction controlled’ model (Table 3.6). 
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Table 3.8:  Tabulated values of rate constants, k, and maximum rates of sulphur oxidation for bacteria 
grown under a variety of environmental conditions. 
pH I 
(mol L-1) 
PCO2 
(% v/v) 
k / 10-2 
(m h-1) 
𝐝𝐒𝐦𝐚𝐱
𝐝𝐭
 
(mmol h-1) 
[O2] 
(mol m-3) 
[O2].SArea 
(mmol m-1) 
a 
2.5 0.18 0.039 3.8 ± 1.6 0.097 ± 0.005 0.182 8.95 1.37 ± 0.20 
1.5 0.22 0.039 2.5 ± 1.4 0.121 ± 0.029 0.165 8.12 1.13 ± 0.25 
2.0 0.11 0.039 2.6 ± 0.4 0.090 ± 0.011 0.212 10.4 1.17 ± 0.01 
2.0 0.34 0.039 2.5 ± 0.5 0.059 ± 0.004 0.125 6.15 1.26 ± 0.05 
2.0 0.19 0.039 1.3 ± 0.4 0.086 ± 0.025 0.176 8.66 1.06 ± 0.07 
2.0 0.19 0.480 1.2 ± 0.7 0.144 ± 0.053 0.176 8.66 0.76 ± 0.27 
2.0 0.19 1.177 1.5 ± 0.5 0.108 ± 0.040 0.176 8.66 1.05 ± 0.01 
 
Regardless of environmental conditions present within the batch culture system, 
variations in the rate order with respect to O2 (a) were insignificant.  An averaged 
empirical a value of 1.1 ± 0.2 was obtained indicating the sulphur oxidation reaction 
is first-order with respect to [O2].  Applying this value into Equation 3.12 gives the 
overall rate expression for sulphur oxidation (Equation 3.13).   
 
 dS
dt
= k[O2]. SAO       3.13 
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Chapter 4  Conclusions 
The chemolithotrophic growth of this heterogeneous culture on elemental sulphur 
and soluble tetrathionate was examined.  Complete COD digestions of unfiltered and 
filtered bacterial cultures showed that ca 30% of the reduced carbon exists as soluble 
compounds rather than visible cellular biomass. This growth was observed on both 
substrates and little variation was found over the ranges of pH, PCO2 and ionic 
strength tested.  When bacteria were grown on sulphur at pH 1, larger amounts of 
soluble biomass were found (ca 45%).  A correlation between cell numbers (N) and 
COD data from the digestion of filtered and unfiltered biomass (neCOD cells) was 
found and these compared with characteristics published for a variety of bacteria.  
Although there was some variation in the empirical data, observed values of 5.66 ± 
1.38 g (biomass) eq-1 corresponded with the published average of 5.47 ± 0.30 g eq-1.  
This suggests the degree of reduction (RD) of biomass produced 
chemolithotrophically was similar to that of most reported microbial biomass.  
 
Using COD data from the digestion of liquor samples (neCOD liquor) it was possible 
to determine the number of electrons, from the oxidation of the sulphur species, used 
to reduce CO2.  No significant variation was observed across the range of pH and 
ionic strength tested.   Comparing equimolar quantities of the two substrates, bacteria 
grown on tetrathionate produced double the quantity of neCOD liquor compared to 
bacteria grown on elemental sulphur.   Assuming that the hypothesis presented by 
Kelly 87 is correct, 2 mol of electrons from each mole of sulphur oxidised should be 
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available for energy conservation.  This study shows that 2 and 4 mol of electrons 
must be available from the oxidation of 1 mol of elemental sulphur and tetrathionate.  
This suggests that the oxidation pathway for polythionates proceeds as predicted by 
Kelly (ibid).    
 
Attempts were made to examine the effect of CO2 partial pressures on the growth 
of this culture however the technical difficulties created by long reaction times and 
the diffusivity of CO2 made these data imprecise.  Growth under increasing CO2 
partial pressures had no measurable effects on the yield of cells YN, ΔneCOD Liquor or 
the ratio neCOD Filtered
neCOD Liquor .     
 
A novel approach to the proton balance was used to determine the intermediate 
amounts of sulphur oxidised between the initial and final states of experiments 
conducted at constant pH.  The technical limits of commercial pH probes were found 
to limit the application of this method to pH > 1.5.  In the range pH > 1.5 the proton 
balance method was able to estimate the intermediate amounts of S oxidised.  These 
data were then used to determine rate constants (k) for the catalysed oxidation of S.  
Values of k decreased as pH decreased over the range 2.5 > pH > 1.5 while increases 
in ionic strength produced an increase in k.  While these trends were evident, 
changes were relatively small suggesting that the organisms in this culture were well 
adapted to the range of conditions tested.  Substituting values of k into a rate 
expression for catalysed sulphur oxidation showed that the reaction was first order 
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with respect to [O2] and SArea.  This study found technical limitations at lower pH (< 
1.5) values for the proton balance method, however no limitation was found at 
higher ionic strength values.  This suggests that the method could be useful for 
examining many systems involving sulphur oxidation. 
 
4.1 Recommendations for future study 
Additional research is necessary to expand upon findings obtained during this study.  
Technical limitations of the ‘pH static’ reactor system resulting from the stability of 
the commercial pH probe may be overcome using conductometric probes.  
Alterations to the construction of the ‘gas sealed’ reactor may lead to a reduction in 
the diffusion of CO2 gas and this would reduce the uncertainty surrounding data 
points.   
 
This study also highlighted a number of areas where future fundamental research is 
still required, which include:  
• Examining the effect of other environmental variables on bacterial growth 
and activity. 
  
• Investigate the energetics associated with EPS and biofilm production.  
 
• Examine the impact of solution conditions on enzymes located within the 
outer membrane and periplasmic space. 
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Appendices 
Appendix A:  Determination of % CHON values 
% CHON =  mInitial−�mAsh+mH2O�
mInitial
 × 100  
 
Table A1:  Calculated % CHON values from DTG-TGA data in Figures A1 and A2 (Section 3.1.1). 
Trial 
mInitial 
(mg) 
mInitial 
(mg) 
mAsh 
(mg) 
𝐦𝐇𝟐𝐎 
(mg) 
% CHON 
1 13.652 0.925 3.025 0.964 70.78 
2 14.104 1.010 3.181 0.943 70.82 
 
 
 
Figure A1:  DTG-TGA analysis of dried biomass from mixed cultures of sulphur-oxidising bacteria 
(Trial 1). 
 
mH2O= 0.964 mg 
 
mInitial = 13.654 mg 
mFinal = 0.964 mg 
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Figure A2: DTG-TGA analysis of dried biomass from mixed culture of sulphur-oxidising bacteria 
(Trial 2). 
 
mInitial = 14.104 mg 
mFinal = 1.010 mg 
mH2O= 0.943 mg 
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Appendix B:  Experimental data from ‘shake flask’ batch reactors 
Table B1:  Mixed culture grown on tetrathionate in media of varying ionic strength (I) and pH (Section 3.1). 
Media pH I 
(mol L-1) 
nK2S4O6  / 10-4 
(mol) 
neOx / 10-3 
(eq) 
NInitial / 109 
(cells L-1) 
NFinal / 1010 
(cells L-1) 
neLiquor / 10-4 
(eq) 
neFiltered / 10-4 
(eq) 
neCells / 10-4 
(eq) 
M10 pH 2.0 2.0 0.110 4.71 6.59 1.3 3.9 3.17 1.08 2.09 
 0.110 4.71 6.59 1.4 3.7 3.71 0.891 2.82 
M20 pH 2.0 2.0 0.191 4.76 6.67 1.4 4.7 3.42 0.943 2.48 
 0.191 4.76 6.67 1.2 5.2 3.54 1.14 2.40 
 0.191 4.80 6.72 1.4 3.3 3.65 1.10 2.55 
 0.191 4.80 6.72 0.85 3.8 3.75 0.873 2.87 
M40 pH 2.0 2.0 0.334 4.75 6.65 1.3 5.4 3.68 1.08 2.61 
 0.334 4.75 6.65 1.2 5.5 3.16 1.03 2.13 
M00 pH 0.5 0.5 0.161 4.80 6.72 2.0 1.7 68.1 69.4 -1.3 
 0.161 4.80 6.72 2.8 1.3 68.9 69.4 -0.5 
M10 pH 1.0 1.0 0.155 4.76 6.66 1.3 3.8 2.50 1.14 1.36 
 0.155 4.76 6.66 1.3 3.4 2.53 0.483 2.05 
M20 pH 3.0 3.0 0.163 4.73 6.62 1.1 6.0 3.43 0.925 2.50 
 0.163 4.73 6.62 1.0 5.7 3.48 1.06 2.42 
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Table B2:  Mixed culture grown on elemental sulphur in media of varying ionic strength (I) and pH (Section 3.1). 
Media pH I 
(mol L-1) 
m∝−S8 / 10-2  
(g) 
neOx / 10-3 
(eq) 
NInitial / 108 
(cells L-1) 
NFinal / 1010 
(cells L-1) 
neLiquor / 10-4 
(eq) 
neFiltered / 10-5 
(eq) 
neCells / 10-4 
(eq) 
M10 pH 2.0 2.0 0.110 2.03 3.80 3.0 2.7 2.29 6.08 1.69 
 0.110 1.94 3.63 5.5 2.8 1.79 6.75 1.11 
M20 pH 2.0 2.0 0.191 1.79 3.37 4.0 0.84 2.47 11.1 1.36 
 0.191 1.76 3.37 5.5 1.0 1.60 6.74 0.930 
2.0 0.191 1.70 3.18 4.0 2.2 2.12 4.85 1.64 
 0.191 1.75 3.28 4.0 2.5 2.13 5.83 1.55 
M40 pH 2.0 2.0 0.334 1.73 3.24 4.5 2.4 1.92 6.60 1.26 
 0.334 1.76 3.29 3.5 2.0 1.52 3.81 1.13 
M10 pH 1.0 1.0 0.155 1.82 3.37 4.5 1.6 1.58 0.666 0.915 
 0.155 1.91 3.74 3.0 1.4 1.82 0.905 0.913 
M20 pH 3.0 3.0 0.163 1.81 3.37 6.5 1.7 1.98 3.83 1.60 
 0.163 2.02 3.56 4.5 2.0 2.00 4.21 1.57 
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Appendix C:  Rate constants for CO2 diffusion, 𝐤𝐂𝐎𝟐, from ‘gas sealed’ reactor  
Table C1:  Values of 𝐤𝐂𝐎𝟐for the ‘gas sealed’ reactor increasing initial pCO2 (Section 3.2.1). 
[CO2]i 
(mol m-3) 
kCO2  / 10-3 
(h-1) 
0.15 1.87 
0.29 1.41 
0.51 1.85 
 
 
Appendix D:  Solubility of CO2 and O2 in media  
Volume of media used in reactor = 25 mL 
 
Table D1: Solubility of CO2 and O2 in reactor fluid (Section 3.2.1). 
 
[CO2]i  
(mol m-3) 
n (CO2) Soln. / 10-6 
(mol) 
n (O2) Soln. / 10-6 
(mol) 
n (CO2) Headspace / 10-4 
(mol) 
n (O2) Headspace / 10-3 
(mol) 
0.15 3.2 × 10-6 6.8 × 10-6 1.1 × 10-4 5.4 × 10-3 
0.23 4.5 × 10-6 6.8 × 10-6 1.5 × 10-4 5.5 × 10-3 
0.29 5.3 × 10-6 6.8 × 10-6 1.9 × 10-4 5.5 × 10-3 
0.51 1.2 × 10-5 6.5 × 10-6 3.6 × 10-4 5.4 × 10-3 
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Appendix E:  Diffusion of CO2 from the reactor  
Table E1:  The effect of initial CO2 partial pressures on the total CO2 sequestered for the formation of 
biomass.   
[CO2] i 
(mol m-3) 
nCO2 initial 
(µmol) 
nCO2 final 
(µmol) 
ΔnCO2 diffused 
(µmol) 
nCO2 
(µmol) 
0.15 103 13.1 -23.1 67.2 
 103 15.8 -34.3 52.8 
 103 16.1 -17.3 72.7 
0.23 159 74.8 -23.2 61.9 
 147 63.7 -37.3 46.7 
0.29 190 103 -40.6 46.1 
 188 81.7 -30.7 75.5 
0.51 368 213 -102 52.9 
 354 221 -80.0 52.7 
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Appendix F:  Experimental data from ‘gas sealed’ batch cultures 
Table F1:  Cultures were grown on K2S4O6 in M20 pH 2.0 media. Changes in the number of moles of CO2 and O2 in the reactor headspace over the course of an experiment 
are referred to as ΔnCO2 and ΔnO2 (Section 3.2). 
[CO2]i 
(mol m-3) 
nK2S4O6/ 10-4 
(mol) 
ΔnCO2 / 10-5 
(mol) 
ΔnO2 / 10-4 
(mol) 
NInitial / 109 
(cells L-1) 
NFinal / 109 
(cells L-1) 
neLiquor / 10-4 
(eq) 
neFiltered / 10-5 
(eq) 
neCells / 10-4 
(eq) 
0.15 2.18 8.99 6.83 0.85 4.70 2.58 6.52 1.93 
2.18 8.72 6.48 0.85 8.48 3.00 6.92 2.31 
2.02 8.99 5.64 0.90 6.23 2.38 2.17 2.16 
0.23 2.05 8.52 7.44 7.0 3.83 1.60 3.85 1.22 
2.08 8.43 8.00 7.5 6.28 1.77 3.38 1.43 
0.29 2.25 8.70 7.28 79 8.07 3.48 14.1 2.07 
2.18 10.6 6.52 5.6 5.70 2.39 3.94 2.00 
0.51 2.26 15.5 7.48 2.8 3.75 1.87 4.36 1.43 
2.26 13.3 5.90 3.1 3.90 2.19 6.04 1.59 
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Appendix G:  Empirical determinations of 1+x  
All experiments were conducted using 1.0 mL additions of standardised H2SO4 
solutions (𝐕𝐇𝟐𝐒𝐎𝟒).  The volume of NaOH used to neutralise H2SO4 additions is 
represented as VNaOH.  The number of moles of H2SO4 and NaOH added to the 
system is represented as 𝐧𝐇𝟐𝐒𝐎𝟒and nNaOH.   
 
Table G1:  Dissociation of H2SO4 in M10 - pH 2.0 media (Trial 1).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.390 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 3.80 1.02 1.48 
2.00 8.40 2.04 3.28 
3.00 12.8 3.06 5.00 
4.00 17.6 4.09 6.87 
5.00 22.2 5.11 8.66 
6.00 26.8 6.13 10.5 
7.00 31.6 7.15 12.3 
8.00 36.6 8.17 14.3 
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Table G2:  Dissociation of H2SO4 in M10 - pH 2.0 media (Trial 2).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.390 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 3.80 1.02 1.48 
2.00 8.40 2.04 3.28 
3.00 12.8 3.06 5.00 
4.00 17.0 4.09 6.63 
5.00 21.4 5.11 8.35 
6.00 26.2 6.13 10.2 
7.00 30.6 7.15 11.9 
 
 
Table G3:  Dissociation of H2SO4 in M20 - pH 2.0 media (Trial 1).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.390 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 3.40 1.02 1.33 
2.00 7.80 2.04 3.04 
3.00 12.0 3.06 4.68 
4.00 16.6 4.09 6.48 
5.00 21.2 5.11 8.27 
6.00 25.8 6.13 10.1 
7.00 30.4 7.15 11.9 
8.00 35.2 8.17 13.7 
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Table G4:  Dissociation of H2SO4 in M20 - pH 2.0 media (Trial 2).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.390 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 3.20 1.02 1.25 
2.00 7.80 2.04 3.04 
3.00 12.6 3.06 4.92 
4.00 17.6 4.09 6.87 
5.00 22.2 5.11 8.66 
6.00 27.0 6.13 10.5 
7.00 32.1 7.15 12.5 
 
 
Table G5:  Dissociation of H2SO4 in M40 - pH 2.0 media (Trial 1).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.390 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 2.80 1.02 1.09 
2.00 6.60 2.04 2.58 
3.00 10.8 3.06 4.21 
4.00 15.4 4.09 6.01 
5.00 19.6 5.11 7.65 
6.00 23.8 6.13 9.29 
7.00 28.4 7.15 11.1 
8.00 32.8 8.17 12.8 
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Table G6:  Dissociation of H2SO4 in M40 - pH 2.0 media (Trial 2).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.390 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 4.00 1.02 1.56 
2.00 8.60 2.04 3.36 
3.00 13.8 3.06 5.39 
4.00 19.2 4.09 7.49 
5.00 25.0 5.11 9.76 
6.00 30.6 6.13 11.9 
7.00 36.4 7.15 14.2 
 
 
Table G7:  Dissociation of H2SO4 in M40 - pH 2.0 media (Trial 3).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.390 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 3.00 1.02 1.17 
2.00 7.60 2.04 2.97 
3.00 11.8 3.06 4.61 
4.00 16.2 4.09 6.32 
5.00 20.8 5.11 8.12 
6.00 24.0 6.13 9.37 
7.00 28.2 7.15 11.0 
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Table G8:  Dissociation of H2SO4 in M20 - pH 2.5 media (Trial 1).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.225 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 8.00 1.02 1.80 
2.00 15.5 2.03 3.49 
3.00 22.0 3.05 4.95 
4.00 29.6 4.07 6.66 
5.00 37.6 5.09 8.46 
6.00 46.2 6.10 10.4 
 
 
Table G9:  Dissociation of H2SO4 in M20 - pH 2.5 media (Trial 2).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.225 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 7.80 1.02 1.76 
2.00 16.6 2.03 3.74 
3.00 25.6 3.05 5.76 
4.00 34.2 4.07 7.70 
5.00 43.0 5.09 9.68 
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Table G10:  Dissociation of H2SO4 in M20 - pH 1.5 media (Trial 1).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.225 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 5.80 1.02 1.29 
2.00 11.5 2.03 2.59 
3.00 19.5 3.05 4.39 
4.00 27.5 4.07 6.19 
5.00 34.3 5.09 7.72 
 
 
Table G11:  Dissociation of H2SO4 in M20 - pH 1.5 media (Trial 2).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.225 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 5.00 1.02 1.13 
2.00 9.60 2.03 2.16 
3.00 17.0 3.05 3.83 
4.00 25.3 4.07 5.69 
5.00 32.7 5.09 7.36 
6.00 39.7 6.10 89.4 
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Table G12:  Dissociation of H2SO4 in M20 - pH 1.0 media (Trial 1).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.225 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 2.90 1.02 0.68 
2.00 6.50 2.04 1.52 
3.00 9.70 3.06 2.27 
4.00 12.8 4.09 3.00 
5.00 16.5 5.11 3.86 
6.00 19.4 6.13 4.54 
7.00 22.4 7.15 5.24 
 
 
Table G13:  Dissociation of H2SO4 in M20 - pH 1.0 media (Trial 2).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.225 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 1.70 1.02 0.40 
2.00 5.30 2.04 1.25 
3.00 9.40 3.06 2.20 
4.00 12.9 4.09 3.02 
5.00 16.0 5.11 3.75 
6.00 19.5 6.13 4.56 
7.00 22.6 7.15 5.29 
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Table G14:  Dissociation of H2SO4 in M20 - pH 1.0 media (Trial 3).  The concentration of H2SO4 and 
NaOH were 1.02 and 0.225 mol L-1, respectively.   
VH2SO4 / 10-3 
(L) 
VNaOH / 10-3 
(L) 
nH2SO4 / 10-3 
(mol) 
nNaOH / 10-3 
(mol) 
1.00 3.30 1.02 0.77 
2.00 7.20 2.04 1.69 
3.00 12.4 3.06 2.91 
4.00 16.5 4.09 3.86 
5.00 18.3 5.11 4.28 
6.00 18.8 6.13 4.40 
7.00 22.2 7.15 5.20 
 
 
Appendix H:  Kinetics data from ‘pH static’ batch experiments applied to 
shrinking particle models 
A graphical format was used to present empirical data obtained from the ‘pH 
static’ batch experiments.  Raw experimental data is available on request.  Values of 
nNaOH Calc were calculated from a polynomial function fitted to the number of moles 
of NaOH added to the reactor vessel (nNaOH).  The rate of NaOH addition (
dOH
dt
) was 
calculated from the first derivative of the fitted polynomial function.  Shrinking 
particle models were applied to data obtained during the exponential growth phase.   
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Bacteria were grown in M20 - pH 2.5 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1991 mol L-1 and a mass of α-
S8 = 0.254 g (Figures H1, H2 and H3). 
 
Figure H1:  Base additions data and pH probe responses. 
 
Figure H2:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H3:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.5 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1991 mol L-1 and a mass of 
0.254 g of α-S8 (Figures H4, H5 and H6).   
 
Figure H4:  Base additions data and pH probe responses. 
 
Figure H5:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H6:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 1.5 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1991 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H7, H8 and H9).   
 
Figure H7:  Base additions data and pH probe responses. 
 
Figure H8:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H9:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 1.5 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1991 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H10, H11 and H12).   
 
Figure H10:  Base additions data and pH probe responses. 
 
Figure H11:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H12:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M10 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1863 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H13, H14 and H15).   
 
Figure H13:  Base additions data and pH probe responses. 
 
Figure H14:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H15:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M10 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1863 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H16, H17 and H18).   
 
Figure H16:  Base additions data and pH probe responses. 
 
Figure H17:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H18:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M40 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1863 mol L-1 and a mass of 
0.251 g of α-S8 (Figures H19, H20 and H21).   
 
Figure H19:  Base additions data and pH probe responses. 
 
Figure H20:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H21:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M40 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1863 mol L-1 and a mass of 
0.251 g of α-S8 (Figures H22, H23 and H24).   
 
Figure H22:  Base additions data and pH probe responses. 
 
Figure H23:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H24:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1991 mol L-1 and a mass of 
0.255 g of α-S8 (Figures H25, H26 and H27).   
 
Figure H25:  Base additions data and pH probe responses. 
 
Figure H26:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H27:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1991 mol L-1 and a mass of 
0.253 g of α-S8 (Figures H28, H29 and H30).   
 
Figure H28:  Base additions data and pH probe responses. 
 
Figure H29:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H30:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1863 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H31, H32 and H33).   
 
Figure H31:  Base additions data and pH probe responses. 
 
Figure H32:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H33:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.1863 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H34, H35 and H36).   
 
Figure H34:  Base additions data and pH probe responses. 
 
Figure H35:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H36:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.2341 mol L-1 and a mass of 
0.252 g of α-S8 (Figures H37, H38 and H39).   
 
Figure H37:  Base additions data and pH probe responses. 
 
Figure H38:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H39:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.2341 mol L-1 and a mass of 
0.251 g of α-S8 (Figures H40, H41 and H42).   
 
Figure H40:  Base additions data and pH probe responses. 
 
Figure H41:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H42:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.2341 mol L-1 and a mass of 
0.252 g of α-S8 (Figures H43, H44 and H45).   
 
Figure H43:  Base additions data and pH probe responses. 
 
Figure H44:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H45:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.039% 
v/v.  This experiment was conducted using CNaOH of 0.2341 mol L-1 and a mass of 
0.252 g of α-S8 (Figures H46, H47 and H48).   
 
Figure H46:  Base additions data and pH probe responses. 
 
Figure H47:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H48:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 0.480% 
v/v.  This experiment was conducted using CNaOH of 0.1863 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H49, H50 and H51).   
 
Figure H49:  Base additions data and pH probe responses. 
 
Figure H50:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H51:  Shrinking particle models fitted to experimental data. 
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Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 1.177% 
v/v.  This experiment was conducted using CNaOH of 0.1863 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H52, H53 and H54).   
 
Figure H52:  Base additions data and pH probe responses. 
 
Figure H53:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H54:  Shrinking particle models fitted to experimental data. 
1.8
1.9
2.0
2.1
2.2
0
10
20
30
40
0 50 100 150 200
pH
 
V
N
aO
H
 (m
L
) 
Time (h) 
Total NaOH Volume
pH
y = 2.223E-10x6 - 6.907E-08x5 + 7.972E-06x4 - 4.152E-04x3 + 8.838E-03x2 + 4.125E-02x + 5.614E-01 
R² = 9.889E-01 
0.00
0.04
0.07
0.11
0.14
0.18
0.0
1.8
3.6
5.4
7.2
9.0
0 20 40 60 80 100 120
dO
H
/d
t 
n 
(N
aO
H
) (
m
ol
) 
Time (hrs) 
nNaOH
nNaOH calc
dOH/dt
y = 1.49E-03x - 5.87E-02 
R² = 9.48E-01 
y = 2.64E-03x - 9.39E-02 
R² = 9.38E-01 
0.0
0.1
0.2
0.3
0.4
0.5
0.0
0.1
0.2
0.3
0.4
0.5
0 50 100 150 200
1-
(1
-α
)2
/3
 
1-
(1
-α
)1
/3
  
Time (h) 
Shrinking Sphere 'Reaction Controlled'
Model
Shrinking Sphere 'Thin Film Diffusion
Controlled' Model
Appendices 
  
 
150  
 
Bacteria were grown in M20 - pH 2.0 media, with a CO2 partial pressure of 1.177% 
v/v.  This experiment was conducted using CNaOH of 0.2024 mol L-1 and a mass of 
0.250 g of α-S8 (Figures H55, H56 and H57).   
 
Figure H55:  Base additions data and pH probe responses. 
 
Figure H56:  Polynomial function fitted to nNaOH data for the determination of  𝐝𝐎𝐇𝐦𝐚𝐱𝐝𝐭 .   
 
Figure H57:  Shrinking particle models fitted to experimental data. 
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